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Summary
High levels of interference between satellite constellation systems, fading and shadowing aie a 
major problem for the successful performance of communication systems using the allocated L/S 
frequency bands for Non-Geostationary Earth Orbit (NGEO) satellites. As free spectrum is non­
existent, new systems wishing to operate in this band must co-exist with other users, both satellite 
and terrestrial.
This reseaich is mainly concerned with two subjects. Firstly, band sharing between different 
systems Code Division Multiple Access (CDMA) and Time Division Multiple Access (TDMA) 
has been evaluated for maximizing capacity and optimising efficiency of using the spectrum 
available. For the case of widened channel bandwidth of the CDMA channel, the overlapping was 
tested under different degrees of channel overlap and different orders of filters. The best result 
shows that at the optimum degree of channel overlap, capacity increases by up to 21%. For the 
case of fixed channel bandwidth, the optimum overlapping between CDMA systems depends on 
the filtering Roll-off factor and achieves an improvement of the spectrum efficiency of up to 
13.4%. Also, for a number of narrowband signal users sharing a CDMA channel, the best location 
of naiTowband signals to share spectrum with a CDMA system was found to be at the edge of the 
CDMA channel.
Simulation models have been constructed and developed which show the combination of DS- 
CDMA techniques, forward eiTor correction (FEC) code techniques and satellite diversity with 
Rake receiver for improving performance of interference, fading and shadowing under different 
environments. Voice activity factor has been considered to reduce the effect of multiple access 
interference (MAI). The results have shown that satellite diversity has a significant effect on the 
system performance and satellite diversity gain achieves an improvement up to 6dB. Further 
improvements have been achieved by including concatenated codes to provide different BER for 
different services.
Sharing the frequency band between a number of Low Earth Orbit (LEO) satellite constellation 
systems is feasible and very useful but only for a limited number of LEOS satellite CDMA based 
constellations. Furthermore, satellite diversity is an essential factor to achieve a satisfactory level 
of service availability, especially for urban and suburban environments.
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Chapter 1
1 Introduction
1.1 Introduction
The past decade has seen a number of revolutionary changes within the field of satellite 
communications and the emergence of Non-Geostationary Earth Orbit (NGEO) satellite systems. 
NGEO satellite constellation systems have the capability of providing small size terminals and 
low cost global communications with high quality of services [1].
A satellite mobile telecommunication network provides the subscribers with location 
independence because it directly uses the satellite beam to provide service. Also, it will be 
impervious to earthquakes, floods, hurricanes, and other natural disasters, and it will not be 
affected by weather and damage to local telephone systems and power lines, making it an 
important asset to disaster-relief operations. However, the cost of satellite mobile communication 
services may be more expensive than that of teirestrial mobile communication services. 
Therefore, a satellite mobile communication network may be used as a compensatory network for 
the terrestrial network and as an integration network to provide a communication service in rural 
and suburban regions where terrestrial cellular services are non-existent. Taking into account 
these facts, the integiation of the satellite mobile network and the teiTestrial mobile networks is 
necessary for international roaming in other countries, as well as to overcome the geographical 
limitations of the terrestrial mobile network and to distribute temporarily concentrated local 
traffic.
A number of satellite constellation systems have been designed for providing global 
communications for applications such as voice, data, fax and property tracking. Furthermore, a 
number of proposed satellite constellations would provide multimedia services for the third- 
generation of mobile communication networks, in addition to the previous applications.
In particular, Low Earth Orbit (LEO) satellites have gained a significant interest in the 
communications satellite market, upon widespread realization of their significant advantages over 
Geostationary Earth Orbit (GEO) satellites. These include low costs, smaller path losses and 
reduced propagation delays while still being able to accommodate state-of-the art technologies.
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A new generation of Global Mobile Personal Communications Services (GMPCS), which 
primarily consists of LEO satellites, is proposing global coverage using hand-held portable 
terminals. Some NGEO satellite systems concentrate mainly on voice services such as Iridium, 
Globalstar*, Intei*mediate Circular Orbit (ICO) Global coverage and Equatorial Circular Coverage 
Orbit (ECCO) for equatorial coverage. There are other systems such as Ellipso and Orbcomm that 
predominantly concentrate on providing non-real-time data services.
Unfortunately with such a high number of users and higher bit rates expected, these systems are 
not expected to meet the requirements on capacity and range of services that they can provide. 
Hence as a result a third generation system known as the “Universal Mobile Telecommunication 
System” (UMTS) and International Mobile Telecommunication 2000 (IMT2000) aims to satisfy 
the need for telecommunication services of a large number of users with variable data rates and 
different environments. The main objective is to integrate and provide services such as paging, 
cordless telephone and data traffic, which at present have been provided by different systems.
Radio spectrum utilization is co-ordinated and managed on a global level by the International 
Telecommunication Union (ITU) [2]. While they struggle to accommodate the requirements of 
new systems, radio spectrum is a scarce resource and, inevitably, services must be shared. 
Interference, fading and shadowing in the mobile satellite channel often cause severe degradation 
to the received signal, thereby limiting the performance of the communication system. This thesis 
is primarily concerned with the subject of NGEO mobile satellite system L/S band interference, 
fading and shadowing environments, analysis and avoidance techniques.
1.2 Objectives and Scope of the Research
The objective of the study presented in this thesis was to investigate the capacity gain and 
improvement of spectrum utilization through the application of frequency sharing between 
systems. Further objectives of this study were to characterize the LEO satellite channel and to 
study, implement and simulate a model including satellite diversity with error-control techniques 
under real dynamic conditions of the channel. This was to be used for improving capacity, 
availability and quality of services in NGEO systems. The scope of this research covers a wide 
area that encompasses frequency sharing between systems, channel modelling, error-control 
coding techniques with interleaving, satellite diversity with Rake receiver and other factors that 
have a significant effect on the system performance, such as power control, voice activity factor 
and multi-spot beam satellite antennas with frequency reuse.
The efficient management of the radio resources is as important as that of any other factor in a 
satellite personal communication network (S-PCN) because of the unique set of limiting factors 
that apply, particularly in systems that employ NGEO satellites. All wireless systems must
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overcome the problems of signal attenuation between users and base station, but NGEO S-PCNs 
suffer to a greater degree than most because of the combination of power and antenna gain 
limitations at both the satellite and the user terminal (UT). The large path attenuation inherent 
with satellite orbits, compared with terrestrial systems, also contributes towards the problem of 
providing adequate power and margin in the radio frequency links. A brief summary of the major 
limiting elements in the S-PCN radio interface follows:
1-Bandwidth, all wireless telecommunications systems have a limited bandwidth available for 
service links, which are those links established between the user and the network to carry the 
various services (voice, data, etc.) offered by the system. The World Radio Conference (WRC) 
allocates certain bands to the various radio services. A specific service type, for example Mobile 
Satellite Service (MSS) in various global regions, reserves a particular bandwidth for primary use. 
In addition, a secondary service type may be allowed to use the reserved bandwidth, on condition 
that it does not interfere with primary systems, and must defer to any such system in the event that 
inteiference takes place.
2-User terminal power and antenna gain, systems limitations imposed by the terminal design 
include omni-directional user terminal antennas and limited power and energy of the user terminal 
transmitter, limited by both the battery size of the user terminal and the need to limit the Effective 
Isotropic Radiated Power (EIRP) of the terminal transmitter for health reasons. In NGEO satellite 
systems the direction and elevation angle of a satellite is constantly varying due to the dynamic 
movement of the satellite, the user orientation and the user velocity. To ensure that constant gain 
is directed towards the satellites whatever the direction, user terminals employ near-omni­
directional antennas mounted directly into the handheld units. Such antennas, which are passive 
devices, offer only a very low antenna gain, in the region of 0 dB.
In terms of mobile-satellite system design, an important characteristic of the system is the pre­
detection carrier-to-noise ratio (C /N) of the link, either from the satellite to the user terminal or 
from the user terminal to the satellite. This term C/N  can be described by the expression [2];
C j N — {EIRP + G /r} -  20 log ) ) -H other terms
Where EIRP is the effective isotropic radiated power of the transmitter, in either the user 
terminal or the satellite, GjT  is the gain-to-noise temperature of the receiver, in either location, 
and “d” is the distance between the transmitter and the receiver. The other term in the equation 
includes other attenuations and losses from the environment, link margin and other techniques for 
improving the performance.
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The point here is that the size, weight, and health requirements of the user terminal put severe 
limitations on both EIRP and GjT  of the user terminals.
This means that the required sum {EIRP+GfT} has to be made up by more powerful and more 
sensitive satellites than used in the early days.
3-Satellite Power Limitation, service transmit power is limited by the amount of power that can 
be generated on-board, the power required for non-service related systems and by the efficiency 
of the Radio Frequency (RF) payload. Factors that influence the available power are the size and 
efficiency of the solar panels, the orbit environment (i.e., time of eclipse), the battery capacity and 
the satellite’s heat dissipation capability.
So the space segment and the mobile user terminals in S-PCN systems aie subject to a set of 
conditions limiting bandwidth, power and gain of the antenna conditions in both forward and 
reverse service links, which cannot be overcome with a simple increase in channels, power or 
amplifier gain due to the combined reasons of scarce frequency, user safety, technological 
limitation and cost. The deployment of multiple high gain spot beams in the satellite-user links 
provides a pai'tial solution to all of these problems. Spot beams enable frequency reuse within a 
satellite footprint in the same way that terrestrial cellular systems reuse channels.
This study has been concerned with one of the benefits of satellite spot beam based CDMA, 
which is the ability to enable users in the same system to reuse the channels, so that the network is 
able to simultaneously serve a greater number of users than there are available channels. The 
problem that faces the designer is how to maximize the reuse factor of the available channels 
through efficient means and, at the same time, obey pre-defined limits on co-channel interference.
In a more detailed context, the aim of this research is initially to conduct a survey of LEO 
measurement campaigns and to construct real models. It is essential to investigate the channel 
fading and shadowing phenomena and to examine the extent of the multipath fading, shadowing 
and interference and influence of varying elevation angle upon the channel. Suitable channel 
models that characterize the observed fading statistics are investigated. It is the goal of this 
research to find adequate characterization par ameters for the LEO channel based on a wide range 
of elevation angles and, finally, to develop a model for improving the performance of the 
communication link. Having achieved the aforementioned tasks, the subsequent aim of the 
research is to illustrate the gain of satellite diversity with coding techniques and its effect on 
availability and quality of services as well as call blocking and blockage probability. For 
simulation purposes, proper simulation tools are selected and utilized to simulate the LEO 
channel. Rake receiver and coding techniques with interleaving.
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A comprehensive literature survey has been carried out that covers a broad range of issues such as 
background information on the characteristics of the LEO channel and how it differs from the 
geostationary satellite link, channel-modelling techniques, coding techniques with interleaving, 
power control, voice activity factor and multi-spot beam satellite antenna with frequency reuse.
The eventual goal of this research is to implement and demonstrate the feasibility of frequency 
sharing and spectrum utilization so as to provide further improvements in the performance based 
in a real-world environment on a LEO satellite. All of the satellite constellations, such as 
Globalstar, Iridium, and ICO as previously discussed, offer additional real-time voice services. 
The results of the research have direct relevance and applicability to all existing satellite 
constellations and future generations of satellite constellations. As the available bandwidth is 
limited, the MSS must consider sharing the spectrum with other systems.
1.3 Original achievements
During this research progiam a number of significant achievements have been made. These 
include:
1. Analysis of the optimum spectrum overlapping for two cases:
• Overlapping between a CDMA channel and narrow-band signal channel;
• Overlapping between CDMA channels sharing the same band.
Analyses have been performed to increase the overall spectral efficiency in the frequency band, 
taking into account various factors such as the relative position of overlapping and the amount of 
overlapping. Positions of optimum overlapping for spectral efficiency are discussed.
2. Satellite diversity with coding techniques as well as the effect of both power control error and 
voice activity factor for downlink mobile satellite systems have been studied.
3. Feasibility of frequency sharing between a numbers of satellite constellations at different 
environments is addressed. This comparison is made for the downlink under various conditions of 
shadowing and power limitation of the system.
4. Analysis of the performance of LEO satellite constellation under different latitudes and 
elevation angles, which represent different environments, has been carried out for different 
services.
5. Availability of the systems and effect of satellite diversity on availability of the system, 
blockage probability and call dropping is studied.
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There are of course other discoveries resulting from this research that are described throughout 
this thesis and summarized in the conclusions presented in chapter 9. Publications from this work 
are listed at the end of that chapter.
1.4 Structure of this thesis
The thesis has been divided into nine chapters, the contents of which address each of the 
particular issues.
This chapter has introduced the topic, motivation, and the most significant achievements made 
during this research. It also provides a guide to the layout and organization of the thesis. Essential 
background material is provided into two chapters. The body of the research is contained within 
the five original chapters, each of these follows with a summary of the most significant aspects of 
the chapter. Finally, the last chapter has concluded the thesis, highlighting the major contributions 
of this work.
Chapter 2 provides a comprehensive background on the research, describes orbital classical 
elements and identifies most of the physical constraints upon the design of a successful 
communication system in a dynamic Low Earth Orbit (LEO) satellite environment. The factors 
that limit the performance of a system, the causes of signal impairments and how they affect the 
characteristics of the signal to restrict perfect signal reception aie addressed. These factors include 
the medium of propagation, the adjacent tenain configuration, the satellite orbit, power budget, 
antenna and constraints. Some of these factors are deterministic parameters, such as Doppler 
shifts and path losses and can be easily described by mathematical equations, while effects of 
scintillation, multipath fading, and shadowing and adjacent interference vary the signal 
parameters randomly. The characterization of these unpredictable phenomena is further 
elaborated in chapter 3. Chapter 2 closes by concluding design methods and design parameters of 
satellite constellation systems. Finally, it describes and compares the various real-time mobile 
satellite communications.
Chapter 3 covers the characteristics of the channel, which is the most important element for 
considering the performance of mobile satellite systems. A literature survey covers the channel 
characterization for terrestrial cellular mobile-radio systems, Geostationary Earth Orbit (GEO) 
and Non-Geostationai* Earth Orbit (NGEO) mobile satellite channels, as well as propagation 
channel modelling and measurements of the LEO satellite propagation channel. The link 
characteristics associated with orbit geometry vary with the motion of satellites in LEO, but the 
propagation effects of LEO satellite communications cannot be calculated by equations and are 
random in nature, so that they can only be described statistically.
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In chapter 4, the first section presents a summary of CDMA techniques and their advantages for 
MSS, as well as an overview of interference and fading countermeasure techniques. The second 
section of this chapter has as its main objective the analysis of system performance of overlapping 
between CDMA systems and the analysis of system performance for overlapping between a 
CDMA system and a nanow band system. These analyses have been performed to increase the 
overall spectral efficiency in the frequency band, taking into account various factors such as the 
deteimination of relative position of overlapping and the amount of overlapping. Positions of 
optimum overlapping for spectral efficiency are discovered.
In chapter 5, the first section presents various types of interference in the satellite communication 
system. It also addresses the effect of power control error (PCE) on the performance of the 
system. The second section presents the advantages of Forward Error Correction (EEC) and the 
voice activity factor techniques and their impact on the performance of the system. It also 
addresses the advantages of the Rake receiver for combining the multipath signal diversity and the 
effect of satellite diversity on the perfoimance of the system. The third section is dedicated to the 
simulation model for satellite diversity with convolutional coding as well as simulation results 
and a discussion of their significance. Finally, some concluding remarks aie given.
In chapter 6, the first section is dedicated to the properties of both the mobile terminal antenna 
and satellite spot beam antennas (antenna coverage, configurations of the spot beam, gain 
chai*acteristics, unshaped and shaped beams) that are used for the MSS. Further discussion of 
limitations and requirements are described in detail. The second section is dedicated to a 
simulation model for sharing between a number of systems in LEO. Simulation results and 
discussion are presented. Finally, some concluding remarks aie given.
In chapter 7, the first section describes the comparison between terrestrial and satellite system. A 
Reed-Solomon (RS) concatenated code for improving performance of the LEO satellite channel is 
discussed in section two. A simulation model is described in section three. Simulation results of 
the LEO satellite system, over highway and suburban areas, under different elevation angles and 
latitudes for different services and different RS codes rate are presented in section four. Finally, 
some concluding remarks are given in section five.
In chapter 8 the work in chapter 5 on satellite diversity is extended. The first section discusses the 
impact of satellite diversity on the service availability, call dropping and call blockage. The 
second section discusses the impact of the elevation angle and azimuth separation between visible 
satellites on the service availability and quality of services, and compares multiple visibility 
statistics of NGEO satellite communication systems. Finally, conclusions are given.
Finally, chapter 9 concludes the thesis; highlighting the major contributions of this work and 
discussing proposals for future work that can be carried out continue this research. This final
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chapter concludes by summarizing the main achievements of each chapter. It states the research 
novelties, describes the contribution of the research to state-of-the-art space engineering and 
discusses the feasibility and expected improvements in the performance of the dynamic and 
constrained LEO satellite communications channel.
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Chapter 2
2 Background To Satellite Communications 
And Environment
2.1 Introduction
This chapter introduces some of the basic concept terminology that is used when describing and 
designing the satellite constellation. It describes orbital classical elements and identifies the 
physical constraints upon the design of successful communication system in a dynamic LEO 
environment. The factors that limit the performance of a system, the causes of signal impairments 
and how they affect the characteristics of the signal to restrict perfect signal reception, are all of 
crucial importance to any system designer. The choice of operating frequency determines the 
effects of the atmosphere upon the signal; the propagation mechanisms described herein are 
divided into two frequency regions and reviewed separately.
All the factors are classified by the orbit of the satellite, the medium of propagation, the 
surrounding terrain of designed receiving terminals and effects of both satellite and ground station 
antenna. Based upon the understanding of these limitations, engineering techniques can be 
employed to counteract the impairments, allowing the system to achieve optimal performance. 
Also, this chapter reviews design methods and design parameters of satellite constellation 
systems. Finally, it describes and compares between the various real-time mobile satellite 
communications systems and introduces the ‘Little LEO’ and associated digital store-and-forward 
communications systems.
2.2 Orbit description with six classical element
This section introduces briefly some of terms used in the description of the Earth satellite orbits. 
The satellite orbits are described here based on a 3-dimensional model with its origin at the centre 
of the Earth, the horizontal plane is that made by the Equatorial plane and the vertical axis passes 
through the poles of the Earth. The major reference point in this system is described by a fixed 
axis that points in the direction of the vernal equinox or the first point in Aries. The first point in
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Aries lies on the equatorial plane. Kepler defined six orbital elements, named the classical orbital 
elements, for describing orbits, allowing us to visualize their size, shape, orientation and location. 
The orbit is described by five parameters and the position of the satellite within the orbit is 
described by the sixth parameter. These elements are illustrated in figures (2-1) and (2-2) below 
and are taken from [3,4].
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Figure 2-1 : Orbit element
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Figure 2-2:Classical orbital elements Semi-major axis (a)
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Semi-major axis (a)
The semi-major axis specifies the size of the orbit. The semi-major axis is one half the distance 
across the long axis of an ellipse and is measured from the halfway point between the two focal 
points in the ellipse and the point at which the axis crosses the ellipse. The corresponding semi­
minor axis (b) is not required to describe the orbit if eccentricity is given and is therefore not 
included as one of the elements. In a circular orbit there is no major or minor axis (it is shown 
below that the semi-minor axis can be used in the calculation of the eccentricity).
Eccentricity (e)
This is a constant value that specifies the shape of the ellipse. Its value lies between 0 and 1, with 
an eccentricity of zero describing a circular orbit. Values greater than or equal to one describe 
parabolic and hyperbolic orbits but these are not considered in this study. The orbit eccentricity 
involving both semi-major axis and semi-minor axis values is represented by this formula;
:2e = V l-(& /a) (2.1)
Inclination angle (i)
This angle describes the tilt of the orbit plane with respect to the Equatorial plane and helps us to 
understand the orbit’s orientation with respect to the principle direction. We can use inclination to 
define several different kinds of orbit. An orbit which lies on the Equatorial plane has an
inclination zero, whereas one that passes through the pole has an inclination 90° . Orbits which
have inclination between 0° and 90° are called prograde (direct) orbits, whereas orbits with
inclination between 90° and 180° are called retrograde (indirect) orbits. These terms are used 
to refer to the motion of satellites with respect to the rotation of the Earth. Satellites in prograde 
orbits move with the motion of the Earth’s rotation whereas retrograde orbit satellites move 
against the rotation of the Earth.
Right Ascension of the Ascending Node (Ï2)
This angle describes orbit orientation and is defined as the angle between the points at which the 
orbit cuts the Equatorial plane in a south-north direction (ascending node) and the vector which
points to the first point in Aries (Vernal Equinox). The range of values is 0° < -< 360° .
The inclination and right ascension of the ascending node determines the orbit plane in space. 
Argument of Perigee (o)
The argument of perigee is the angle that is subtended between the point which most closely 
approaches the Earth’s centre (the perigee) and the Ascending node. This value is measured from 
the ascending node in the direction of the satellite motion. It gives us the orientation of the orbit
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within the orbit plane and the range of values is 0° < A)< 360°, If 0° < û>< 180°, perigee will
be above the Equator, but if 180° ^G)< 360°, perigee will be below the Equator.
True Anomaly ( v )
This is the angle ai'ound the orbit measured from perigee to the satellite’s position vector, 
measured in the direction of the motion of the satellite, at a particular time ( ) called the Epoch.
This term specifies the location of satellite within the orbit plane. Its range of values is
0° < v-:360°.
Further information and more details for orbital elements can be found in many references 
including [4-6].
2.3 Restrictions and effects on orbit configuration
The design of NGEO satellite systems is subject to many constraints. Amongst these constraints 
aie those imposed by propagation factors associated with the space-earth link and the mobile 
environment.
This study is particularly concerned with the characteristics of satellite orbits and constellations of 
satellites and how they can be applied to solve the particular problems that arise in the provision 
of telecommunication services to provide a quality of services (QoS) to the user that is greater 
than a specified minimum. This section is intended to briefly outline some of the considerations 
which must be made by the satellite system designer when deciding which type of the system is 
suitable for the range of application services that will be offered.
Different physical orbit configurations give rise to differences in the space environment and the 
visibility of satellites and their communications characteristics. The significant movement of the 
satellites in LEO with respect to the Earth determines the time varying characteristics of LEO 
satellite communications, such as variations in path-loss, delay time, Doppler shift, 
communication time, coverage area and handover.
2.3.1 Earth atmospheric drag
The Earth satellite has more complex forces acting on it, including the gravitational field of the 
Earth, gravitational forces from the sun and the moon in addition to the solai” wind. Apart from 
these we can assume that in general a satellite on its orbit will continue to circle the Earth all the 
time with constant gradual variation in orbit parameters due to the external factors. When the 
satellite’s motion is impaired by the effect of the Earth’s upper atmosphere, this layer will reduce 
the orbit of the satellite and ultimately cause it to decay.
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In some cases the satellite enters the upper limit of the Earth atmosphere for greater picture 
resolution. For example military observation satellites enter for small periods of time the Earth 
atmospheric drag but at expense of on-board fuel, which is required to remove it from this area 
once the mission is completed. This type of satellite will have shorter lifetime than a 
communication satellite. It is obvious that the maximum satellite lifetime is linked to the effects 
of the upper atmosphere layer of the Earth.
2.3.2 Earth radiation environment
I | 1  Is l a  Tfrom Eartti Centre 
adii)
Figure 2-3:The Van Allen radiation belts
The designers are inhibited from freely choosing orbits on the basis of such aspects as geometry 
and spacecraft design alone by the presence of Van Allen belts of intense radiation, caused by 
charged particles trapped in the Earth’s magnetic field. Although these belts do not significantly 
disturb the Earth-space communications at microwave frequencies, the harsh radiation 
environment can cause damage to sensitive electronic devices on-board the spacecraft. Their 
locations are shown schematically in figure (2-3)[5]. The diagram shows the rough variation in 
particle density and the shaded areas represent the zones of maximum intensity. We note that 
there are two radiation belts centred on the Earth’s geomagnetic axis. The inner radiation belt is 
made from high energy from electrons and protons due to cosmic rays, which penetrate spacecraft
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and may cause errors in digital electronic systems, known as single-event upsets and as well as 
cause degradation in solar aiiays. The inner radiation belt is seen to concentrate primarily 
between approximately 1.3 to 1.8 Earth Radii from the Earth’s centre which are equivalent to 
2000 to 5100km altitude from the Earth’s surface.
The outer radiation belt is composed primarily of electrons and occurs primarily between 
approximately 3 to 4 Earth Radii from the Earth’s centre which are equivalent to 13,000 to 20,000 
km altitude from the Earth’s surface [5] as shown in figure (2-3). Due to the existence of these 
radiation belts the LEO satellite constellations are deployed well below 2000 Ion, and Medium 
Earth Orbit (MEO) satellite constellation have generally adhered to the 10,350 km altitude. It is 
clearly undesirable, but not impossible, to chose an orbit in a zone of high radiation. A 
disadvantage of any kind of orbit choosing these regions is that it must pay for increasing 
shielding or diminished lifetime.
2.3.3 Variation in free space path-loss and delay time
The distance between the satellite and a specific ground station determines the free space loss in a 
satellite communication system. However, the path length varies dramatically while the LEO 
satellite is in view from a maximum of a few thousand kilometre when on the horizon to a 
minimum that is the altitude of the satellite when directly overhead. In LEO, the variation of the 
distance between the satellite and the ground station is related to the elevation angle and the
altitude of the satellite. The elevation angle {El )  of each path is varying from (f to the 
maximum elevation of the pass, which is different from pass to pass.
The slant range ( ) is shown in figure (2-4) as a function of the elevation angle for a satellite at
a height h above the Earth and is given by [7]:
Po -  V(^e -  Re cos^(EZ) -  sin{El) ^2.2)
Where is the local radius of the earth and h is the height of the satellite.
The minimum and the maximum slant range are obtained by setting El =90° and El =0° in 
equation (2-2), giving 800km and 3293km respectively in an 800km orbit. The associated one­
way transmission delay therefore varies approximately from 2.5ms t o l l  ms. The maximum 
variation of the free space loss for a satellite, for example at height of 1300km, is about 12dB for 
an overhead pass [7]. So a fixed data rate link that is just sustainable at low elevation angle 
becomes under exploited in terms of potential throughput at higher elevations. With LEO satellite 
transit time of between 12-20 minutes, the total throughput during high elevation transit could be 
doubled [7] by optimally matching the link signal-to-noise ratio and data rate throughout the 
transit.
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Figure 2-4: Simple geometry for satellite footprint
2.3.4 Doppler shift
Doppler shift is the difference between observed frequency ) and transmitted frequency ),
caused by the relative motion of the satellite in its orbit and the ground station on the Earth. The 
Doppler shift is given by the following formula [7,8]:
D = - i ^ c o & { E l ) (2.3)
Where c is the speed of the light 3x10 m/s, and ‘ V,. ’ is the relative velocity between transmitter 
and receiver which is proportional inversely with the height of the satellite.
At any given time there is a maximum and minimum Doppler shift that can be seen by any ground 
station due to the movement of the satellite. There are two factors that contribute to the relative 
velocity: satellite motion in the orbital plane and rotation of the Earth about North-South (N-S) 
axis. In any given situation, these two factors can be combined to produce a relative velocity 
having a magnitude that can range from arithmetic difference to the arithmetic sum of the two 
components.
The contribution of the satellite orbital motion to Doppler shift must therefore be dominant 
especially for LEO satellite. The ground station that sees the largest relative velocity lies in the
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orbital plane and sees the spacecraft at 0® elevation angle. The velocity of a satellite in 
circular orbit is given by [5]:
Where r is the sum of the local radius of the Earth (Rg)  and the height of the satellite (h), M is the
mass of the Earth and G is the Universal Gravitational Constant. The relative velocity of the 
satellite seen by the observer on the ground is given by [6]:
V, =V,.COS0 = V, cos(180° (2 .5 )
Note that V,.is negative when the satellite is approaching and the appaient frequency will
therefore be higher than the source frequency. When the satellite is receding V,. is positive and
the apparent frequency will therefore be lower than the source frequency. If the direction of the 
satellite were reversed, the satellite would be receding from the ground station. The Doppler 
frequency shift would be equal in magnitude, but would represent a decrease in frequency.
The Doppler shift at 2GHz band typically equals 50kHz, lOkHz and 3kHz for LEO satellite height 
at 1400km, MEO and GEO respectively. In LEO satellite communications, the Doppler shift 
contributed by a mobile terminal is insignificant and can be neglected. These high Doppler values 
influence the acquisition and compensation procedures. The highest change rates of the Doppler 
shift occur near closest approach, and Doppler shift becomes more severe for high elevation 
passes. Both the frequency offset and the change rate of frequency impact on the RF system 
design and choice of modulation schemes in terms of the capture and tracking ability of modems. 
The Doppler shift can therefore not be compensated for on the satellite, as it would only be valid 
for a single station. Consequently the ground-stations employ Doppler compensation on both the 
up-link and downlink, using predictive tracking models. For spot beam antenna, the Doppler shift 
compensation is done by calculating the Doppler frequency at the centre of the satellite spot beam 
which the mobile terminal is inside. The transmitter frequency is pre-compensated with this 
known position. Hence the receiver experiences only the residual Doppler frequency shift. The 
variation in compensated Doppler shift is due to the position of the receiver within the satellite 
spot beam. Doppler can be perfectly compensated if the position of the receiver is known.
Also, the Eaith rotates about the North-South axis at an angular velocity of approximately
15° / hour . The tangential velocity of a point on the surface of the Earth at latitude ^ is given 
by [6]:
(2.6)
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The maximum value of Vg that will occur at the equator equals 465m/s, the Doppler shift at 2 
GHz for different satellite height typically equals 2.4KHz,
2.3.5 Communication time and coverage area
The coverage and the communication time are determined by the orbit used in a satellite 
communication system. The coverage of a GEO satellite is roughly one-third of the Eaith, but in 
LEO the instantaneous coverage of the satellite is reduced and the communication time is limited. 
The orbital period is directly related to the satellite height. The orbital period of a satellite is given 
by this formula [9]:
Where a is the semi-major axis (km) and is given by this relation [9]:
a=331.25xril3
For an Earth station that is coplanar (in ground track) with the satellite, the angular length of 
visibility for any point is I B  H i t . The communication time is given approximately by the 
following formula [9];
T - M rvis 2 j t  (2.9)
Where
6 : One half of the earth centre angle in rad.
For a 1400km orbit, the orbital period is of the order of 114 minutes and communication time for 
a single satellite pass lasts up approximately to 15 minutes (depending on the minimum elevation 
angle). The communication time available for each ground station is also related to the location, 
therefore there are more passes and longer communication time for each pass at higher latitudes 
than that at lower latitudes.
There is an equivalent method that can estimate the satellite orbital period from the ground track, 
by calculating the shift between two successive satellite tracks. Figure (2-5) illustrates this method 
[3].
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Figure 2-5:Estimation of orbital period
The satellite footprint or Earth coverage is defined as the portion of the Earth’s surface as seen 
from the satellite. The shape of the circular footprint becomes distorted due to the Earth and 
antenna pointing geometry with the distortion worsening as the satellite moves far away from the 
Equator. As shown in figure (2-4), the half cone angle ( ) and one half of the earth centre angle
(#) i s  given by [10]:
-1 ^P =sin ( R + h cos(El))
n<9 = j ÿ - £ / - s i n ~ ‘ RR+H Cos(El)
(2 . 10)
(2 . 11)
The maximum distance ( ) between users located within instantaneous coverage area, at the
opposite edge of the satellite footprint, as shown in figure (2-4), can be expressed as:
= 2 M ^ - E l - s \ n RR+H cos{El)
(2 . 12)
The maximum instantaneous coverage area corresponds to an elevation angle of 0° at the edge of 
the zone. This area only depends on the satellite altitude. However, for practical operation, owing 
to the potential blockage of radio waves by obstacles, one should associate the instantaneous 
coverage with the concept of minimum elevation angle. The coverage area ‘A’ is given by:
A=2.%-.£ .(1-cos#) (2.13)
The satellite in LEO with an orbital height from 500-2(XX)km creates a footprint that is 
approximately a circle of diameter in the range 48(X)-8(XX)km. One considerable advantage of
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LEO satellite over GEO is that better high latitude coverage is provided using a high inclination 
orbit.
2.3.6 Handover between satellites in constellation
Handover is the process by which a user/feeder link will be passed in a transparent manner to an 
emerging satellite or spot beam during a call, without any interruption to the user. There aie three 
main types of handover in S-PCN; satellite-to-satellite, spot beam handover and Gateway 
handover. Handover performance can be quantified by several measures: handover probability, 
handover blocking probability, probability of unnecessary handover, duration of interruption and 
call dropping probability [12,13]. Handover takes place based on a number of criteria: signal 
strength, signal-to-interference ratio, mobile to Gateway distance, power budget and interference. 
In LEO satellite systems, the largest visibility period of a given user to the satellite would be 
around 15 min. Therefore there would be the necessity of changing the connection between users 
and satellites during each connection without interruption. If the footprint of a satellite were 
partitioned into smaller cells, then, in addition to the handover between satellites, handover 
between the cells of a satellite’s footprint would be required as well. A single spot-beam visibility 
is typically around l-2min.[9]. Spot beam handover occurs much more frequently than the 
satellite handover, therefore fast handover signalling procedures are required in order to ensure 
successful spot beam handovers. Figure (2-6) illustrates the handover process [11], Table 2-1 
shows the comparison between time intervals of the handover process in different orbits.
During a spot beam handover the call does not change the satellite or Gateway, thus the two links 
have the same delay, and synchronization is not required. In a spot beam handover both links 
follow the same path, and so they are highly correlated in terms of shadowing. Long calls require 
several spot-beam handovers and in some instances even handover from one satellite to another 
satellite to provide real-time global mobile communication. The frequency at which satellite 
handover happens is dependent on the type of constellation and the location of the mobile user, 
since the two links belong to different satellites they have different delays, and re-synchronization 
to the target link is required.
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Figure 2-6: Handover process
As the two links follow different paths, they are not correlated in terms of shadowing and a 
handover can be initiated by comparing their signal quality levels. The overlapped area between 
the two satellites is generally larger than the spot beam overlapped area, therefore the handover 
interruption time can be longer than that of the spot beam case. A simple handover mechanism 
that is usually used in cellular systems, and that would be applicable in LEO satellite systems, is 
having upper and lower threshold levels on the power of the received signals from users. Base 
stations continuously monitor the power-received signals from users on the uplinks.
When the level of the received power from a user falls below the upper limit, the base station 
assumes the user is moving to the next service area. At the same time, the base station of the new 
service area senses the received power from that user above the lower bound. With the control 
channels between the base stations, information on connection can be exchanged between two 
base stations, and a new connection provided. In a satellite constellation with a large enough 
number of satellites, two or more satellites commonly would cover some areas at the same time; 
handover then can take place when a user is located in such areas. Smooth handover without 
interruptions to the service will require substantial developments in communication protocols, 
inter-satellite links and spacecraft on-board software.
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CDMA system is relatively simple for radio resource management and network control compared 
to TDMA that requires a more complex frequency planning between satellite spotbeams, in order 
to make handover and avoid high co-channel interference levels. Furthermore TDMA needs very 
precise timing advance and a high amount of signalling would be required in order to identify 
how to handover from one satellite to another.
Table 2-1: Comparison between NGEOs
Specification LEO MEO
Relative speed of satellite (km/s) 6-7.5 3-4
Spotbeam handover time interval (min) 1-2 2-4
2.4 Satellite structure and launch cost
The satellite structure imposes further constraints owing to their limited power, spacecraft size 
and structure, antenna platforms and amount of bandwidth. These factors further complicate the 
design and implementation of a successful communications payload on board the spacecraft. The 
transmitter power is a major element in the mass and primary power requirements of the 
spacecraft and thus affects both spacecraft and launch costs. As we increase the orbital altitude, 
we increase the cost of launching into the orbit.
In LEO, the available mass in final operating orbit will be reduced by the fuel used to place the 
spacecraft in transfer orbit and by the fuel needed to place the satellite into its final orbit. This in 
turn impacts on system cost [5]. The total transmitter power and antenna size are a function of 
orbital altitude and they both have an immediate and direct effect on the spacecraft mass via the 
size of the solar array to supply power, transmitter mass, the antenna mass and the attitude control 
necessary to maintain pointing. Relative lifetime is only an estimate based on the eclipse cycling 
and station keeping fuel requirement.
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2.4.1 Power budget
The power budget is critical to satellite mission. In orbit, a satellite will travel from time to time 
through an area eclipsed by the Earth. During the eclipse period by the Earth, the satellite’s solar 
panels cannot collect energy. Hence, the satellite must rely on energy stored on-board batteries. 
Batteries capacity must be sufficient to supply both communication equipments and telemetry, 
tracking and positioning equipments. In turn, the solar panels must be dimensioned such that they 
will be able to recharge the battery and supply energy to the electronic equipments during the 
periods in the sunlight. At the same time, battery and solai' panel sizing must be traded-off against 
the increase in satellite weight.
Satellite power consumption depends on available effective bandwidth, communication demand 
and housekeeping power needs. Given frequency allocation, it is possible to determine the 
number of channels available per satellite, the frequency reuse-pattern and the required signal-to- 
noise ratio.
The available number of channels, , for a satellite on latitude, ■Û , is approximated by [14,15]:
(2.14)
Where
Njj : number of beams per satellite 
p ; reuse factor 
k : channel bit rate 
^max • maximum data rate
cos t? : approximate scaling factor for the number of active antenna 
Batteries must supply the energy consumed during an eclipse. Consequently, when the satellite is 
in sunlight, it must recharge the batteries while at the same time supply power for communication 
and housekeeping routines. The solar panel power requirement, , is derived from the following 
expression [14,15].
rp _ r  7 ~^^sav '^c (2.15)
/m ax  /
Where
rf : Battery recharge factor
Cg^  ^: Average number of the available channels when the satellite is in sunlight 
Tg : Time of eclipse
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/m ax  * Maximum frequency
Eg : The energy consumption of a satellite during the worst-case eclipse 
P/j : Housekeeping power consumption 
Pg : Power consumption per channel
Obviously, the batteiy and solar cell arrays will contribute significantly to the satellite weight and 
may hence be a limiting factor on overall system capacity. If sufficient power is not available, it 
makes little difference how many times frequency may be reused in theory. It is also clear that the 
battery and solar panel arrays requirements increase with altitude, in spite of fewer channels and a 
smaller fraction of time spent in shadow of the Earth.
2,4.2 Antenna gain
The gain of the antenna is a function of the frequency of operation, efficiency of the antenna and 
its diameter. A LEO satellite spends a part of its time at low elevation angle, with a variation of 
about 12dB in the free space loss as the satellite traverses from horizon to horizon. The ground 
station and the satellite antennas can be designed to compensate for this link variation, to provide 
a uniform link budget at all elevation angles. This in effect cancels the 12dB variation in the path 
loss between zenith and horizon. Such an antenna pattern essentially has a gain gradually
decreasing from 12dB to OdB as the elevation angle changes from 0° to 90° [7].
The antenna profiling can be applied to both the uplink and the downlink; the on-board antenna 
system is shaped to closely match the inverse function of the Free Space Loss (FSL) variation, 
providing equal power flux density across the satellite footprint, which results in a constant 
margin regardless of the elevation angle [16].
A dynamic satellite constellation (DSC) has inherent frequency reuse capability, in that satellites, 
whose coverage areas are sufficiently separated, may re-use the same frequencies. Capacity can 
be increased further through the use of a phased array antenna, which consists of multiple antenna 
configurations in which the phase and amplitude to each element is separately adjusted. The 
antenna boresight and directivity can be ‘steered’ over a wide range using these techniques.
More details for the antenna and frequency reuse will be explained in chapter 6.
2.5 Orbit perturbations
In this section we consider the relationship between two bodies, namely a man-made satellite and 
the Earth. Objects other than the Earth, which affect the satellite’s orbit, are the sun and the moon, 
although their instantaneous influences are approximately four and six orders of magnitude less 
than that the magnitude of the Earth respectively [5]. Additional influences on the orbit of
2-15
Chapter!: Background to satellite communications and envii'onment_______________________
satellites include the Earth’s atmosphere and the solar wind. One other influence on the orbit of 
satellites, which is greater and more related in our case, is the oblateness of the Earth or its non- 
spherical nature. This effect appears as a non-focused centre of mass within the Earth and results 
in a dynamic orbit plane, which is predictable and correctable by station keeping. But this 
represents an added limitation on the lifetime of a satellite due to the limits on fuel required for 
the process.
The two principal effects of the non-spherical shape of the Earth are the regression of the line-of- 
nodes (the intersection of the orbital plane and the fundamental plane) and the rotation of the line- 
of-apsides. The first is a rotation of the orbit plane around the Earth’s axis and causes successive 
ground tracks to be shifted further westward than would be expected due to the rotation of the 
Earth. The rate of this displacement depends on the altitude and inclination of the satellite’s orbit; 
there are ways of manipulating the orbit design in order to reduce the effects of this regression 
[5]. The rotation of the line-of-apsides causes the major axis of the orbit plane to rotate around the 
centre of the Earth in the plane of the orbit, this effect is also dependent on the oblateness of the 
Earth. This effect is very important for both circular and elliptical orbits, as it will cause variations 
in the period of the orbit and also in the position of the sub-satellite point beneath apogee if it is 
left uncontrolled.
2.6 The propagation medium
The Institute of Electrical and Electronic Engineering (IEEE) Standard Definitions of Terms for 
Radio Wave Propagation defines eight basic propagation factors that vary the characteristics of a 
signal [17]. These propagation mechanisms can be classified into absorption, scattering, 
refraction, diffraction, multipath, scintillation, fading and dispersion which affect the signal in 
terms in amplitude, phase and angle of arrival. One or several of these effects may be present on 
the transmission path at the same time and it is extremely difficult to identify which of them has 
produced a change in the signal chai'acteristics.
As the choice of frequency alters the effects of propagation upon the signal, these propagation 
factors are divided into two regions: the lower frequency region (<3GHz) whose effects are 
deteimined mainly by the ionosphere and the higher frequency region (>3GHz) whose effects are 
determined mainly by the troposphere [2,17].
There is some overlap in the discussion of certain propagation conditions but the effects produced 
predominantly by the troposphere include attenuation from hydrometeors, atmospheric gases and 
depolarisation, troposphere scintillation and refraction, angle of arrival variations and antenna 
gain degradation. The major effects produced by the ionosphere are scintillation and Faraday 
effect. The background radio noise contributes to the antenna noise temperature while multipath
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fading is very critical to terrestrial and low elevation angle communications. Multipath fading will 
be explained in more detail in the next chapter.
2.6.1 Depolarization
Depolarization and cross polarization are changes in the polarization characteristics of transmitted 
radio waves caused by (a) hydrometeors, primarily rain and ice-crystals above 3GHz; and (b) 
multipath propagation in the troposphere or ionosphere or from surface or terrain irregularities at 
frequencies below 3GHz. A depolarised radio wave will have its polarization state altered such 
that power is transferred from the desired polarization state to an undesired orthogonal polarized 
state, resulting in interference or crosstalk between the two orthogonal polarized channels. Unlike 
path attenuation, depolarisation does not cause any increase in the system noise. Instead, it causes 
a reduction in the signal-to-interference ratio. Multipath depolarisation is generally limited to very 
low elevation angle space communications, and will be dependent on the polarization 
characteristics of the receiving antenna. This problem is very significant for systems using linear 
polarization; as a result circular polarization must be used for mobile-satellite systems to combat 
this problem.
2.6.2 Scintillation
Scintillation is a variation in refractive index that causes variations in the angle of arrival, 
amplitude and phase of a wave. The effect of refraction is to cause curvature of the trajectory of 
the wave, variations in velocity and hence, propagation time. Scintillation constitutes a random 
process that is variable due to changing meteorological conditions. The ionosphere and 
troposphere possess different refractive indices and affect the signal differently.
Ionosphere scintillation [18] occurs due to irregularities in electron density in the ionosphere and 
causes the amplitude and phase of a signal to fluctuate rapidly and in an irregular* manner. This 
phenomenon occurs in the F region (between 200 and 400km in altitude), and is most prevalent 
through the equatorial and polar regions, and during high-activity sunspots. Ionosphere 
scintillation is often the limiting factor for reliable communications in the VHF band. For 
equatorial latitudes, scintillation of higher than lOdB peak-to-peak has been observed. On the 
other hand, irregularities in refractive index occurring in the troposphere give rise to scintillation 
in the frequency band above 3GHz. Tropospheric scintillation can occur up to 20km in altitude 
from the earth’s surface, caused by high humidity gradients and temperature inversion layers. Its 
effects vary according to the seasons, from day-to-day and with local climate. Gaseous (primarily 
oxygen and water vapour) and Hydrometeor (rain, clouds, fog, snow, ice) attenuation cause a 
reduction in the signal amplitude of the radio wave.
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2.6.3 Faraday effect
The Faraday effect occurs when the radio wave interacts with electrons in the ionosphere in the 
presence of the earth’s magnetic field. This produces a polarization rotation, especially critical on 
linearly polarized VHF links. The angle of rotation is inversely proportional to the square of the 
frequency and the angle of rotation is several degrees at 4GHz. Experimental evidence suggests 
that the effect of Faraday rotation is 3dB under worst conditions at L-band frequencies. Faraday 
rotation does not affect circularly polarized signals. Circular (right-hand and left-hand) 
polarizations are chaiacteristic polarizations for the ionosphere. As a result circular polarization 
must be used for mobile-satellite systems to eliminate loss due to Faraday rotation and hence 
alleviate the need of antenna rotation alignment.
2.6.4 Radio noise
Radio noise is emitted by both natural sources, such as gaseous atmospheric constituents and 
hydrometeors, and man-made sources. Radio noise will add directly to the system noise through 
an increase in the antenna temperature, either through the main beam or side lobes. With proper 
design of an antenna system, unwanted surface emission due to these sources can be protected 
against. The primary natural noise sources for frequency above about IGHz are atmospheric gases 
(oxygen and water vapour), rain, clouds, and surface emissions. Man-made sources include other 
space or terrestrial communication links, electrical equipment, and radar systems. Between about 
30MHz and IGHz [19], the main sources of noise arise from man-made sources in populated 
areas.
2.6.5 Group delay
This is a reduction in the propagation velocity of a radio wave, caused by the presence of free 
electrons along the propagation path. The group velocity of the radio wave is retarded (slows 
down), thereby the travel time increases over that expected for a free space path. This effect can 
be extremely critical for radio navigation or satellite ranging links that require an accurate 
knowledge of range and propagation time for successful performance. Group delay is 
approximately proportional to the reciprocal of the frequency squared.
2.6.6 Hydrometeor and Gaseous attenuation
This is a reduction in signal amplitude caused by hydrometeors (rain, clouds, fog, snow, ice) in 
the transmission path. Hydrometeors are the products formed through condensation of water 
vapour. Hydrometeor attenuation involves both absorption and scattering processes. Rain 
attenuation can produce major impairments in the frequency band above lOGHz. Cloud and fog
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attenuation is much less severe; however, it must be considered for frequencies above 15GHz, 
while the effects of snow and ice attenuation are unobservable at links operating below 30GHz 
[19].
Gaseous attenuation is an absorption process caused by the presence of atmospheric gases, 
primarily oxygen and water vapour. Gaseous attenuation increases with increasing frequency, and 
is dependent on temperature, pressure, and humidity. This effect is negligible at frequencies lower 
than 1 OGHz and does not exceed 1 to 2dB at 22GHz.
2.6.7 Angle of arrival variations
A change in the direction of propagation of a radio wave is caused by refractive index changes in 
the transmission path. Angle of arrival variation is a refraction process, and generally is only 
observable with large aperture antennas (10 meters or more), and at frequencies above lOGHz. 
The angle of arrival change results in an apparent shift in the location of satellite position. This 
phenomenon can be compensated for by proper pointing of the antenna.
2.7 Satellite orbit
The orbits of satellites can be divided into two groups: circular and noncircular (elliptical). 
Another categorization can be made according to the altitude of the orbits, which communications 
engineers often use. Figure (2-7) illustrates different satellite orbits.
/
Figure 2-7:Different satellite orbits
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2.7.1 Geosynchronous and Geostationary orbits satellite communications 
systems
A geosynchronous orbit is defined as an orbit with a period of one sidereal day (1436.1 minutes). 
A Geostationary Earth Orbit (GEO) is a special case of geosynchronous orbit with zero 
inclination and zero eccentricity. Satellites in 35,786 km circular orbit with zero inclination angles 
are ideal for providing real time communications with continuous coverage. A single satellite in 
GEO can view approximately 42% of the Earth’s surface at any given time [20,21], thus a 
minimum of three satellites are required to cover almost all parts of the land masses on the earth, 
except for the north and south polar regions.
A satellite in GEO has many advantages, such as wide coverage, high quality and wideband 
communications; also their synchronization with the rotation of the earth makes the tracking 
process much simpler than the one required for NGEO, However, GEO satellites suffer from 
some disadvantages when compared to other lower-altitude orbits. The first significant objection 
to GEO satellites is the propagation delay, unavoidable because of the great distance and finite 
velocity of the light. The one-way propagation delay from Earth station to satellite to Earth station 
is between 240 to 270msec and, on a typical international connection, the round trip delay is about
0.6sec.
The next fundamental objection to a GEO satellite is the lack of coverage at far northern and 
southern latitudes because of low elevation angles to access the satellite. A GEO satellite is below
the horizon for Earth stations even at the same longitude if the latitude is greater than 8 .
Because of propagation anomalies close to the horizon, even fixed stations with large antennas
often have difficulty working closer to 5° above the horizon. The practical working latitude is
thus brought to around 75*. Small, wide antennas typically need much higher angles of
elevation; many engineers claim that 20* and 30* are needed for consistently reliable links with 
the kinds of omni-directional antennas used on mobile terminals. One might argue that latitudes
above 80* aie not of much importance; there are few people but latitudes around 60* would 
include a good part of Europe. The effect of devastating blockage is still more serious due to all 
buildings in urban areas. There is considerable theory and experiments to suggest that elevation
angle higher than 40* aie desired for consistent service and they are unachievable from GEO
altitude even at latitudes close to 45*, Such high elevation angles are difficult to achieve with 
GEO even in the capitals of Europe. As we will discuss later, with high inclination angle and 
polar LEO constellation, those high elevation angles are easily achievable. These objections to
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GEO satellites, along with other problems, such as the high cost of launching a satellite into GEO 
and the influence on the space station of an eclipse, as well as long propagation time and free 
space propagation loss suggest the use of other orbits (LEO or MEO) for mobile satellite 
communication systems. Furthermore; if we think about hand-held mobile terminals with limited 
power supply we see that high-power requirement will not allow use of satellite in GEO. Even 
with the current high technologies of batteries and hardware, the smallest terminal for a GEO 
satellite is as large as an A4 sheet of paper and as heavy as 2.5 kg (used in standard mini-M of 
INMARSAT-M). Although we have only one GEO and limited space for a constellation of 
satellites, there are large numbers of NGEO that give the satellite system designer much more 
flexibility in network architecture.
2.7.2 Highly elliptical orbit satellite communications systems
High elliptical orbits (HEO) have an apogee (the farthest point from the Earth surface) at an 
altitude sirmlar to GEO satellites, and a perigee (the closest point from the Earth surface) at an 
altitude similar to LEO satellites, see figure (2-1). For stability purposes, the inclination must be
maintained at 63.4*. This gives a very high elevation angle at higher latitudes and enables the 
satellite to cover regions of high latitude for a large fraction of the orbital period as it passes to the 
apogee (up to 8 hours of the orbit). Orbital period varies from 8 to 24 hours [9,22]. Owing to the 
high eccentricity of the orbit, a satellite spends two-thirds of the orbital period near apogee, 
during which time it appears to be almost stationary to an observer on the Earth (a phenomena 
known as ‘apogee dwell*). During the brief time the satellite is below the local horizon, a hand-off 
to another satellite in the same orbit is required in order to avoid loss of communications. 
Examples of HEO systems are [126]:
1. The Russian Molnya system, which employs three satellites in three 12-hour orbits 
separated by 120 deg. around the Earth, with an apogee 39,354 km and a perigee of 
1000 km.
2. The Russian Tundra system, which employs two satellites in two 24-hour orbits 
separated by 180 deg. around the Earth, with an apogee 53,622 km and a perigee of 
17,951 km.
3. The proposed Loopus system, which employs three satellites in three 8-hour orbits 
separated by 120 deg. around the Earth, with an apogee 39,117 km and a perigee of 
1238 km.
4. The European Space Agency’s system (ESA’s) proposed Archimedes system, 
employing a so-called "M-HEO" 8-hour orbit with three apogees spaced at 120 deg. 
each corresponding to a service area covering a major population centre ( e.g., Europe, 
the East and North America).
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These orbits aie particularly useful for satellite systems for communication with mobile where the 
masking effects caused by the surrounding obstacles such as building and trees and multipath 
effects are pronounced at low elevation angles [16].
Free space loss and propagation delay time is comparable to that of GEO satellite communication. 
However, due to the comparatively great movement of the satellite in HEO relative to the 
observer on the Earth, systems using this type of satellite must suffer large Doppler shifts. 
Satellite communications from HEO exhibits many of the advantages of GEO satellite 
communications but at higher latitudes and reduces the congestion experienced in the GEO. 
However, the satellite is at the apogee for only a limited time and so several spacecraft are needed 
to maintain a continuous service.
2.7.3 Non-Geostationary satellite mobile communications systems
Whilst GEO mobile satellite communication systems are still under development, many NGEO 
systems have also been proposed. The renewed interest in the use of alternative orbits has been 
generated by the congestion in the GEO and the problem associated with the use of very small 
terminals required in mobile applications. The interference to adjacent GEO satellites due to the 
wide beam antennas normally used in the mobile terminals is unacceptable to the crowded GEO 
satellite but does not present such serious problems to alternative orbits.
Constellations of LEO and MEO satellite communications systems are under development to 
provide global mobile satellite communications, MEO systems typically are located at altitudes in 
the range from 10,000 to 16,000 km and with 6 hours periods. As might be expected, the 
characteristics of these systems lie between those of LEO and GEO, typically 10-16 satellites for 
global coverage and each satellite can only serve an area from 24 to 28% of the Eaith’s surface
with elevation angles greater than 10* [9,23].
MEO systems increase the elevation angle of mobile satellite communications at high latitudes 
(e.g. Europe) but still suffer from the high path loss and long time delays experienced in GEO 
satellite systems. In order to overcome these problems, constellations of many LEO 
communication satellites have been proposed to provide global mobile communications to small 
terminals. The orbits of LEO satellites fall within the range 500-2000 km bounded by outer 
atmospheric drag and the start of the inner Van Allen radiation belts respectively. LEO systems
require 20 to 100 satellites for worldwide services from elevation angles greater than 10* ; each 
LEO satellite can only serve 2.5 to 5% of the Eaith surface [9,24].
LEO satellite constellation communications systems appear well suited to global mobile 
applications because of better satellite visibility; provision of satellite diversity means an essential 
feature for combating shadowing, lower altitude means shorter path (i.e., lower user terminal and 
satellite power), lower round-trip-delay, relatively low constmction and launch cost per satellite,
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world-wide coverage, wide range of orbits and graceful failure degradation of the LEO network. 
Although there are new difficulties, such as varying link characteristics, handover from satellite to 
satellite, Doppler shift and fading in the use of LEO satellite communications, those are largely 
compensated for by the reduction in the free space path loss. In addition, a multi-beam antenna is 
used which makes it possible to use hand-held terminals in satellite mobile communications. 
Figure (2-8) illustrates an example of inclined satellite constellation for global coverage of NGEO 
[25]. The constellation comprises a number of satellites orbiting the Earth in either the same or a 
number of different orbital planes.
•— T "
Figure 2-8: Satellite constellation
Most of the ‘Big-LEO’ satellites use frequencies at L/S-band for the link between satellite and 
mobiles, Ka-band for the intersatellite link, and C-band for communications to HUB stations. New 
versions of Big-LEO systems are expected to be bigger and have more power and bandwidth to 
provide multimedia services beside conventional services to their subscribers.
2.7.4 * Little LEO’ Microsatellite communications systems
Whilst the trend has been towards ever larger, more complex, and costly satellites, often taking a 
decade to progress from initial concept to orbit, a new series of small, low-cost, rapid-response 
‘microsatellites‘ have been developed to play a complementary role to conventional satellite 
missions for certain well-defined objectives. There have been several microsatellite families, now 
considered as the ‘Little LEO’ class developed. Little LEO represents a LEO satellite 
constellation that aims to provide a non-voice digital communication to users and some limited.
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experimental, real time communications, by using the concepts of bent-pipe and store-and- 
forward transponder. Most of these satellites employ polar or Sun-synchronous orbits.
The polar orbit is fixed in space, and the Earth rotates underneath. Thus, in principle, the coverage 
of a single satellite in a polar orbit encompasses the entire globe, although there are long periods 
during which the satellite is out of view of a particular ground station. This gap in coverage may 
be acceptable for a store and forward communications systems. Accessibility can be improved 
through the deployment of two or more satellites in different polar orbits [26,27].
In a Sun-Synchronous orbit, the angle between the orbital plane and the Sun remains constant, 
resulting in consistent light conditions for the satellite. This can be achieved by careful selection
of orbit altitude (400-1000km), inclination (97 — 100^) and eccentricity, producing a precession
of the orbit (node rotation) of approximately 1^  eastward each day, equal to the apparent motion 
of the sun [3]. This condition can be achieved only for a satellite in a retrograde orbit. A satellite 
in Sun-synchronous orbit crosses the Equator and each latitude at the same time each day. This 
type of orbit is advantageous for Earth observation, since it provides constant lighting conditions. 
Table 2-2 gives a general comparison between different orbits.
Table 2-2: Comparison between different orbits
Specification LEO MEG GEO
Number of satellites required for global 20-100 10-15 3-4
coverage
■
Satellite footprint coverage area (%) 2.5-5% 24-28% 42%
■
Doppler (kHz) at 2GHz carrier freq. around 42 around 13 -
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2.8 Satellite constellation design methods
The altitude of the satellite cannot be freely chosen, since the existence of two Van Allen 
radiation belts limits orbit selection. To minimize the radiation damage to electronic components 
that would result from a relatively unshielded, lightweight satellite, as in the case of LEO 
satellites, it is necessary to put the satellites out of these belts. Due to the increase in system cost 
with increasing satellite numbers a significant amount of research has been devoted to 
constellation design methods that cover the Earth using the minimum number of satellites. The 
results of this research has seen two main types of satellite constellation method identified as 
follows:
. The street of coverage design method
. Rosette constellation or delta pattern 
The above design techniques consider only circular orbits of the same altitude and inclination. 
These conditions will simplify the design procedure and hence indicate that all satellites will 
operate in a similar environment. The performance of a real constellation will always be slightly 
lower than expected due to various perturbations affecting the satellite orbit. The number of 
satellites required to provide global coverage depends on orbit altitude and inclination angle. A 
minimum number of satellites can be found for various combinations of inclination angle and 
altitude. Both techniques will give slightly different results.
2.8.1 Street of coverage
The street of coverage design was originally developed by Luders [28]. The constellation design 
method ensures that the minimal footprint overlap occurs in the Equator region, orbit planes are 
spaced and satellites are phased such that gaps between satellites do not occur. This is truly global 
LEO constellation design technique although more satellite numbers are concentrated extremely 
at high latitude while potential traffic is very little. The main idea is to represent the area 
continuously covered by one orbital plane. If there aie sufficient numbers of satellites in orbit 
with their coverage area overlapped, then this creates a zone of non-stop coverage through the 
satellite motion. If the satellites are distributed equally in one orbital plane, then the intersection 
points of adjacent coverage areas belonging to the same orbital plane give the street of coverage 
width. The axis of the street coverage is formed by the sub-satellite point’s location during the 
motion on the celestial sphere. Figure (2-9) illustrates the scenario of the street of coverage [28]. 
The advantage of this design method is that there is a high probability that inter-satellite handover 
occurs between adjacent co-plane satellites, which are linked to inter-satellite links (ISLs) which 
are stable in terms of ISL dynamics. Any call maintained data can be routed between two 
satellites without involving the ground station. Ir idium is an example of street of coverage.
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Figure 2-9:Continuous street of coverage
2.8.2 Rosette constellation
Rosette constellations use inclined orbits and are designed to give full global coverage with a 
minimum number of satellites. They can also be used to offer high diversity global coverage with 
a trade-off between satellite numbers and minimum elevation angle. This method differs from the 
street of coverage method in that coverage is not evaluated on an individual plane-by-plane basis, 
but the constellation performance allows the coverage to come from satellites in different planes 
over time. The resulting constellations from this design approach have planes that do not 
necessarily provide continuous coverage.
One of the foremost problems in the use of LEO is the considerable percentage of communication 
time during which the satellite is at a low elevation angle. By using a network of appropriately 
positioned satellites the coverage can be made continuous and the minimum elevation angle is 
increased for any point on the Earth’s surface. The design of these constellations is closely 
identified with the services and performance required of each network. The Rosette constellation 
was adopted by Walker [29] to search for the optimised constellations in the inclined circular 
orbit patterns for whole Earth coverage. Also Adams and Rider proposed the design of satellite 
constellations in LEO, based upon the system criteria of:
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. Complete and continuous global coverage 
. Minimum elevation angles for satellites 
These criteria are most critical for Non-Geostationary Mobile Satellite System (NGMSS) services 
offering real-time communications. Constellations designed according to these criteria offer high 
capacity and high performance with associated high costs for implementation and overall network 
infrastructure.
Ballard [30] extended and generalized Walker’s work by mathematically describing the satellite 
orbit optimising process. Besides the inclination angle, other orbit orientation angles used to 
define a Rosette constellation are given as below:
ii,=—— ,i=\top (2,16)
Yi=mQ.i , m= (2.17)
Where
s: the number of satellites in an orbit.
N: number of satellites in the constellation.
P: number of orbital planes in the constellation.
The planes are uniformly distributed in a right ascension angle as they pass through the 
equator and is the initial phase angle of satellites in the / th orbit at time t = 0, measured from
the point of right ascending. Examples of Rosette constellations aie ICO, MAGSS-14 and 
Globalstar. For instance, a satellite constellation system with 48 satellites has eight planes equally 
arranged about the equator with their ascending nodes spaced 45 degrees apart. Each plane has six 
satellites equally arranged in the plane. There is a 7.5-degree phase shift for satellites in adjacent 
planes.
Most MEG and LEO systems operate with a number of orbital planes, typically with inclination 
angles relative to the equatorial plane of between 45 and 55 degree. This range of inclination 
angles is chosen to provide optimum coverage performance over a selected Earth latitude range.
2.9 Design parameters of satellite constellation
In designing LEO and other satellite constellation, there is a group of parameters called “ Orbital 
parameters” which can be used to determine the performance and cost of that system. As the 
number of satellites used in the system is increased, the coverage area will also be expanded. But, 
unfortunately, having a large number of satellites in the system means that costs of the operation 
and manufacturing will be large, which in turn will affect the cost of the services.
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This is also true in the case of satellite’s altitude; a satellite with higher altitude will be able to 
cover larger service area. However, the higher altitude means the delay will be longer, which is 
important in the case of real-time communications. The design parameters of the satellite 
constellation that needed to be considered are as follows [9,12,31,32]: number of satellites, 
number of orbital planes, number of satellites in each orbital planes, orbital height of satellites, 
inclination of the orbital planes, relative spacing of the orbital planes, relative phasing of the 
satellites in the same orbital plane, relative phasing of satellites in adjacent orbital planes.
2.9.1 Elevation angle consideration
Elevation angle is very important as this parameter can be used, with the satellite altitude, to 
calculate a coverage area and visibility time of each satellite and therefore the whole 
constellation. For a GEO satellite, the elevation angle can be defined as the angle at which a user 
would have to look into the sky to see a satellite and is constant for any fixed point on the Earth 
surface. But for a NGEO satellite, the position of the satellite is not stationary with respect to the 
Eaith’s surface or the user; therefore the elevation angle is not static either. In this case the 
minimum elevation angle has been used to define the elevation performance of NGEO systems. 
The elevation angle is the angle subtended to the satellite from a point on the Earth’s surface with 
respect to a tangent to the Earth’s surface that is directed at the azimuth of the satellite’s location. 
For the minimum elevation angle, the origin of the tangent is located at a point in the satellite 
coverage, which is considered as the outermost point at which a user can confidently expect to 
access the satellite within the limits of the power budget imposed by the system.
As can be seen from figure (2-4), increasing the elevation angle of the satellite while maintaining 
its altitude will reduce the area from which the satellite can be viewed, known as the footprint, but 
an increasing value also gives rise to a number of positive characteristics which are useful in 
satellite communication systems. For example with increasing elevation angle, a satellite will 
offer reduced propagation delay and path attenuation at the edge of coverage and, perhaps most 
importantly, lower levels of signal fade due to a reduced statistical probability of shadowing and 
multipath effects.
The lower fade level is most important as it will allow the system designer to allocate a lower link 
margin to the satellite-user radio link [33], which will reduce the power requirements of both 
satellite and user terminal and enable a greater number of simultaneous users within the system. 
There is also a relationship between the elevation angle, satellite visibility, call blocking, call 
dropping and quality of service. All of these will be explained in detail in chapter 8.
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2.9.2 Height consideration
In the design of LEO systems, the choice of satellite altitude is an important consideration, as it 
will have a significant effect on system performance. Among the factors affected by the satellite 
altitude choice are system capacity, user-to-user delay and power system design [14,15]. It is 
found that a choice of low altitude has a positive impact on system capacity and system power 
requirements. In terms of user-to-user delay, the results are in favour of MEO, while very high 
altitudes are not a good choice relative to these measures.
The choice of satellite altitude in a LEO system has a significant impact on the cost and 
performance of the system, and also has an impact on the expected satellite lifetime. Together, the 
number of satellites and their expected lifetime affect the system maintenance cost. The satellite 
altitude determines its maximum coverage area. The coverage area has two effects of interest in 
communication. The first effect is the maximum number of customers that can be serviced by 
each satellite. The second effect relates to frequency reuse and antenna technology. In addition, 
the choice of transmission mode and the propagation delay difference within each satellite beam 
are important. There is also a relationship between the satellite altitude and quality of service. 
Two generally accepted measures of quality of service are user-to-user delay and bit error rate 
(BER). For telephone conversations and videoconferences, transmission delay is of pivotal 
importance to the quality of exchange. User-to-user delay is frequently employed as a quality of 
service measure in voice communication. Two factors contribute to the delay, namely switching 
time and propagation time. Higher altitude reduces the part of user-to-user delay caused by 
switching assuming fewer satellites are included for long distance communication (multi-hop 
between source and destination). Counter balancing this reduction in switching delay is an 
increase of the propagation time delay for the uplink and downlink as well as on cross links 
between the satellites. The satellite power system is another factor affected by the choice of 
satellite altitude. The power budget depends on the number of channels per satellite, the required 
transmission power to ensure a certain minimum BER and the energy collection capacity of the 
satellite. Collection capacity is limited by the size of the solar panels and batteries as well as the 
time the satellite spends in the earth’s shadow during an orbit. As a consequence, the satellite 
altitude choice affects the sizing of the power system and, thereby, the weight budget of the 
satellite. Higher altitude satellites use antennas that produce more beams and higher gain in each 
beam. A MEO satellite needs an antenna with a diameter, which is about three times as large as 
for a LEO satellite. A GEO satellite antenna must be more than a factor of 10 larger in diameter 
than for a LEO [15].
Also there is a cleai* correlation between satellite lifetime and orbit altitude; LEO satellites 
typically have lifetimes on the order of a few years, but MEO and GEO satellite lifetimes have 
logged up to 15 years. Also there is a strong correlation between reduced lifetime and a large
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number of thermal and power cycles; LEO satellites experience about ten times as many thermal 
and power cycles per year as MEO satellites and 50 times as many cycles as GEO satellites [14].
2.10 Satellite constellation systems comparison
Most of the proposed big-LEO systems would offer global service to hand-held terminals by 
means of satellites on lower altitudes. But satellites on lower altitudes are moving very fast 
instead of a fixed point in the sky, as for GEO satellite systems. An important parameter in 
development of these systems is their internetworking with tenestrial systems and, especially, 
dual-mode terminals. That makes the system more economical in different parts of the globe and 
so more flexible to handle increasing traffic loads in future.
Several big-LEO systems are being proposed. Three different types of satellite constellation 
systems with distinct characteristic have been described and are compared here. Firstly, the 
Iridium system used street of coverage designs technique. Secondly, the Globalstar system has a 
satellite constellation in LEO using the Rosette design technique. Lastly, there is ICO that has a 
satellite constellation in MEO. Although the number of satellites required for LEO satellite 
constellation is more than for MEO, these operate at lower path losses and lower transmission 
delays. This results in low power capability required for mobile terminals which is the primary 
requirement in the design of the mobile terminal, particularly a hand held terminal, to reduce the 
size, cost and complexity to a minimum.
Table 2-3 shows some parameters of the three systems that will be compared as representatives of 
the major alternatives for universal mobile communications. The differences among them are 
relevant to geographical coverage, co-operation with terrestrial networks, overall propagation 
delay, Aequency bands and multiple access technique, elevation angle and fade margin.
Co-operation with terrestrial networks
All three systems are designed to use a number of gateway stations to interface to the public 
switched networks and envisage dual-mode handsets capable of operating on either the terrestrial 
cellular channels or satellite channels.
Globalstar and ICO require maximum co-operation with terrestrial networks because the user 
circuits established through a particular satellite enter the Public Switched Telephone Network 
(PSTN) at a gateway station located within the region served by the satellite, and then use the 
terrestrial network, even for intercontinental calls. On the other hand, Iridium is designed on the 
basis of the On-Board Processing Inter-Satellite Link technologies, which allows the individual 
calls to be routed through the space segment to the gateway station closest to the fixed party, 
making minimum use of terrestrial infrastmctures.
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Iridium could provide a true global service with only one gateway in operation, since it uses the 
gateway only for call set-up functions and as the interface into the public switched networks. On 
the other hand, in the Globastar and ICO systems the gateways provide connectivity with the 
system satellites and the subscribers in the local regions; therefore a minimum number of 
gateways is required to provide coverage of the service area. The maximum distance between 
gateways depends on the extension of the visibility area of satellites and the latitude [127].
Overall propagation delay
The overall propagation delay for telephone conversation is due to four main components [127]:
1. The propagation delay due to the distance from the satellite to earth (5-10 ms for LEO, 70-80 
ms for MEO);
2. The delay due to terrestrial networks (5-20 ms over land);
3. The processing delay due to transmission systems (e.g., frame length of TDMA systems) and 
on-board processing (OBP);
4. The processing time for voice coding and decoding (60-80 ms for a 4.8 kb/s).
The last component is independent of the type of satellite constellation and transmission system. 
Iridium has the shortest contribution from the satellite path and from the terrestrial tails, however 
it has a significant contribution due to the TDMA frame (90 ms in L-band links and 9 ms in the 
Ka band links). In general it can be concluded that Globalstar, being based on transparent 
transponders on LEO, should have some advantage over the other systems. However, for a 
mobile-to-mobile connection. Iridium does not require a double hop through a gateway station.
Frequency bands and multiple access technique
Iridium uses the band 1616.0-1626.5 MHz for both the mobile-to-satellite and satellite-to-mobile 
links, as it adopts Time Division Duplex (TDD).
Globalstar uses the 1610-1626.5 MHz band for the up-link and the 2483.5-2500.0 MHz band for 
the downlink. But, ICO uses the 2170-2200 MHz band for the downlink and the 1980-2010 MHz 
band for the up-link. According to the access technique and modulation, the frequency reuse 
factor is obtained. Considering cell size, number of voice channels per cell should have about the 
same capacity, in the order of few tenths of millierlangs per square kilometre. Globalstar is 
planning to use a CDMA access technique; therefore they can share the same frequency bands, 
while Iiidium and ICO aie planning to use a TDMA access technique. However, the S-band 
envisaged by Globalstar in the downlink is also allocated to other applications. Therefore mobile 
users in populated urban areas may experience levels of cumulative interference exceeding the 
thermal noise of the receiver with some degradation of the service.
The traffic capacity available from each satellite is dependent on many factors, such as the 
primary power from the solar cells and the batteries, the modulation, the multiple access system
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and the frequency reuse arrangement. In general terms it can be stated that the Iridium system is 
more power limited rather than band-limited, due to the use of FDMA/TDMA techniques, while 
the Globalstar primary limitation should be the self-interference noise due to the reuse of the same 
frequency bands in adjacent beams.
2.10.1 Iridium system constellation in LEO
Although the Iridium system is no longer viable, we mention it here for design comparison only. 
This satellite constellation design has significantly different characteristics from other satellite 
constellation systems. The satellite orbital planes have higher inclination at 86.4 degree. This 
configuration provides services equally in all areas of the earth. In each plane, the satellites are 
symmetrically distributed with the same number of satellites in all planes and overlaps to provide 
a continuous coverage along the orbital path. But, the polai' constellations have the disadvantage 
that best multiple satellite visibility occurs at the poles. These are not regions of high traffic 
density.
This system uses on-board processing to perform functions such as base band regeneration and 
switching. This technology can be combined with the use of inter-satellite links that route 
communication between satellites to reduce the number of the gateway station required, at the 
expense of complexity in satellite. The satellite design has 48 spot beams antenna and uses 
TDMA techniques. The beam diameter is approximately 600 km, but the footprint overall 
diameter is approximately 4700 km. More detailed information for the system is given in 
Table 2-3 and reference [34-37].
2.10.2 Globalstar system constellation in LEO
The Globalstar constellation is essentially the same as the Walker constellation [34]. The 
Globalstar constellation is made up of 48 satellites in orbits such that the user always has at least 
two satellites in view (above 10 deg. elevation angle) in temperate areas of the earth and usually 
has two in other areas as well. Globalstar uses an extension of the CDMA, IS-95 standard used for 
cellular systems. That system allows a mobile user to simultaneously communicate through 
multiple satellites at the same time using diversity combining techniques. In typical operation, 
two satellites are used and when a third satellite appeai-s it is added. This always occurs before 
one of the two satellites currently being used drops below an elevation angle of 10 deg. The 
satellite design has 16 spot beams per antenna, the beam diameter is 2254 km, but the footprint 
overall diameter is about 5850 km. This system uses a simple ‘bent pipe’ technique, the advantage 
over the Iridium system is a reduction in the number of satellites, simpler space segment design
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and quite good coverage for the major population areas (high elevation angle). More detailed 
information for the system is given in Table 2-3 and reference [38-41].
2.10,3 ICO system constellation in MEO
ICO will provide global voice, data, facsimile, and paging services via its 10 satellites on two 
orbits at an altitude of 10,355 km. Though that altitude would be considered a MEO, according to 
the frequency spectrum used by this system, it can be included in the Big-LEO category. The ICO 
system will employ dynamically steerable satellite antennas to provide global coverage, 
principally to land masses and the coastal areas of the world. As the satellites move over the ear th, 
the antenna beams will be steered to keep the satellite footprint stationary. The system is intended 
to work with the existing teiTestrial telephone systems, including cellular* telephones. A satellite 
constellation in MEO is of interest for an optimum design in terms of the number of satellites 
involved. In comparison with the constellation system in LEO, satellites in these orbits also offer 
a wider coverage diameter of approximately 12,500 km. But the cell diameter is 815 km and thus 
will require less operation of handover procedure. The satellite design has 163 spot beams 
antenna and uses TDMA techniques. The transmission delay and user terminal power 
requirements can be met in this orbit. More detailed information for the system is given in 
Table 2-3 and reference [42,43].
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Table 2-3: Comparison of different constellations
Constellation type Iridium (LEO) Globalstar (LEO) ICO (MEO)
Altitude (km) 780 1410 10355
Number of planes
Minimum elevation angle (deg.) 8.2 10 20
User uplink freq. Band L-Band L-Band S-Band
Modulation QPSK QPSK QPSK
Data (kbps, BER) 2.4, 10 1.2-9.6, 10" 2.4, 10T
Beams per satellite 48 16
f
85-121
¥
Link margin (dB) 16 8-12
2.11 Summary
This chapter has introduced some of the basic concept terminology that is used when describing 
and designing satellite constellations. For a global telephone system all parts of the services area 
must be covered at all times and several approaches to the design of satellite constellations have 
arisen, which have been outlined here. Restrictions on the possible design of S-PCNs range from
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physical restrictions, such as the in-orbit radiation environment, altitude, financial and many other 
factors that affect the communications link between a satellite in NGEO and the receiving ground 
stations. These factors are classified into the satellite orbit, medium of propagation and terrain 
configuration. It shows that the LEO satellite communications link is very complex and different 
from the GEO satellites link. The LEO channel is dynamic due to the relative motion between the 
satellite and the Earth. Due to the nature of the orbit, variation in Doppler shift and path losses are 
experienced. This implies that Doppler compensation and efficient utilization of link margin must 
function within a veiy time limited communications window. For the LEO satellite case, it is 
typically of 15 minutes for a satellite pass.
Some of the characteristics described in this chapter are deterministic. For instance, variations in 
Doppler shift and path losses can be described mathematically. However, the majority of the 
propagation effects are random in nature and impossible to represent by mathematical formulas. 
Clearly, the spacecraft support stmcture is increased with the increase of the mass of the 
subsystems. There are several other effects that are important, such as radiation damage from Van 
Allen belt, atmospheric drag if the orbit is very low. The propagation mechanism affects the 
signal in a similar way, causing fluctuations of amplitude, phase and angle of arrival of the signal, 
although they are generated by various different sources. They include scintillation from the 
atmosphere due to the ionosphere and troposphere, depolarisation, multipath fading, shadowing 
and unpredictable interference. Ionospheric effects are most pronounced at frequencies less than 
3GHz, but tropospheric effects are dominant at frequencies greater than 3GHz.
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Chapter 3
3 Satellite Channel Characterization
3.1 Introduction
The communications link is the most critical path in the transmission of a signal. The effects of 
the propagation channel play a big role in the design and development of satellite-based 
communication networks. Therefore, it is of utmost importance to have a model that accurately 
represents the channel. In mobile satellite communications the channel is changing due the motion 
of satellite and the user through the surrounding environment. The variation in the channel is 
determined by two processes. Firstly, slow changes in the channel are caused by different 
attenuations due to path loss and variation in shadowing objects between the satellite and the 
mobile terminal. The second type of variation is multipath fading due to the signal arriving at the 
terminal from different paths.
This chapter reviews the channel characterization techniques performed for terrestrial cellular 
mobile-radio systems, GEO satellite channel and mobile satellite systems (MSS) and the 
propagation models that represent these channels. All of these channels are well understood and 
documented and the propagation has been validated through numerous channel measurements. On 
the other hand, LEO has not been well understood. The link characteristics associated with orbit 
geometry vary with the motion of satellites in LEO but, the propagation effects of LEO satellite 
communications cannot be calculated by equations and are random in nature, so that they can only 
be described statistically.
The propagation study with land mobile and GEO mobile satellite communications forms a 
theoretical background for the propagation effects of LEO satellite propagation. It is obvious that 
in designing a mobile communication network, propagation channel characteristics must be taken 
into account in order to develop robust and efficient modulation, multiple access, speech, forward 
error correction (EEC) coding and satellite diversity techniques.
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3.2 GEO satellite channel
The GEO satellite communication link is not subject to such large valuations in Doppler shift and 
path losses as the LEO satellite channel. All ground stations within its footprint all the time can 
access the GEO satellite, therefore communication is not limited to a small window as for the 
LEO satellite. Dependent upon the frequency of transmission, the direct signal from the satellite is 
subject to the effects of troposphere or ionosphere which results in absorption by the atmosphere, 
scintillations, depolarisation, radio noise and free space loss. In addition, the GEO satellites are 
normally equipped with large margins of power and bandwidth, and large giound stations with 
large tracking antennas. Therefore, a Geostationary Earth Orbit Satellite (GEOS) is not 
constrained in terms of bandwidth, power and antenna beam width as severely as a LEO satellite.
The GEO satellite channel model can be modelled as an AWGN channel. It is clear that the GEO 
satellite channel is completely different from those of fading channels. A satellite communication 
link can be represented by a simple and general transmission equation [44].
PII — Pj' +  Gf +  Gjç — Liy — L (dB )
Where the effect of the medium are illustrated by free space path loss L^ , and attenuation L, 
including precipitation, atmospheric absorption, antenna pointing loss propagation effects and 
margin, etc. Free space loss is given by the following equation:
Ld = ^4nd =  2 0 ,L o g iQ 4nd (dB) (3.2)
Where d is the distance between the satellite and the ground station and À is the wavelength of 
radio wave.
Bit error rate (BER) measures the performance of the digital communication system and is a 
function of the carrier power to noise power ratio (C/N). The BER depends on the modulation 
format employed and is settled by the requirement of the application. The following equation for 
instance is the error probability of coherent demodulation BPSK and QPSK assuming AWGN 
channel.
BER = ^eifc (3.3)
The design of a communication system normally starts with determining the required receiver 
power (P ^  ), which is in turn determined by BER.
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3.3 The cellular mobile radio channel
The signal in the mobile radio terrestrial environment, in a cellular network, is subject to 
propagation path losses, which comprise free space loss and terrestrial losses. Tenestrial losses 
are greatly affected by the general topography of the teirain and radio wave scatterers along the 
path. The texture and roughness of the terrain tend to dissipate the propagated energy; hence the 
received signal strength is reduced. A LOS does not generally exist and the propagation paths or 
multipath are created by reflections and diffraction in most urban situations.
Generally, the signal strength transmitted from the base station decreases with distance along a 
path leading away from the base station. Furthermore, the mobile terminal may either be in 
motion or stationary. In addition to the propagation path losses, signals in the tenestrial 
environment encounter multipath fading, both long-term and short-term. Propagation between a 
mobile and base station is most susceptible to the effects of multipath fading phenomena, because 
all communications are essentially at ground level. The effects of multipath are not so significant 
in air-to-ground communications, but have considerable effect at the lower elevation angles from 
satellite to ground station, which aie analogous to ground-level communications.
It is well documented that the terrestrial mobile radio channel can be modelled as Rayleigh with 
its local mean following lognoimal statistics with uniform phase distribution. The Rayleigh 
envelope probability distribution may be described by [45,46]:
/?(r)=-^exp (3.4j
The lognormal/shadowing envelope probability distribution is given by:
(3.5)p(r)= — i = e x p  <J^27Vr
-(Inr -jL iŸ
2a^
Where r represents the signal envelope of variance (J and // is the mean of the signal.
An average value of lognormal shadowing varies with the distance between the fixed base station 
and the general location of a moving vehicle.
3.4 Mobile satellite channel
The propagation effects aie very important for MSS in order to specify the channel. The designer 
must ensure that there is a suitable link margin to combat the interference, shadowing and fading. 
The link margin will enable the designer to design the system for good error performance. The 
propagation channel for the MSS differs from fixed satellite service because of obstruction of
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building in built up area, foliage (tenain effects, surrounding structure, etc.) and local 
environments. At high elevation angle, LOS signal may exist most of the time but the degradation 
due to multi-path and shadowing will constrain link reliability. Due to these effects; the received 
signal of the mobile terminal may consist of three components [47,48].
r(t)= L(t).a{t)+d(t)+s{t) (3.6)
Where:
L(t) : is the line of sight signal (LOS)
a(t) : is the attenuation of LOS due to shadowing and blocking.
d{t) : reflected signal component from the ground.
s(t) : scattered components from local environments.
In order to allocate adequate link maigins for shadowing and fading losses, the components in 
equation (3-6) must be checked first. The fading loss is dependent on the kind of the local 
environment (urban, suburban, mral or open area) and the amount of shadowing loss is a function 
of the elevation angle. When the user is in the visibility of more than one satellite, the link budget 
can be reduced due to space diversity.
In the following section more specific problems related to wave propagation in the land mobile- 
satellite systems (LMSS) scenario such as multipath and shadowing of LOS will be discussed. 
The link margin requirement for LMSS is believed to be heavily dependent on these effects.
3.5 Multipath propagation
Multipath propagation exists when the transmitted signal reaches the receiver over several 
different paths including or excluding the LOS path. At frequencies used for mobile 
communication (i.e., UHF and above), the shift in phase of a reflected signal due to small path 
length variations compared to either the LOS or another reflected component, or path, becomes 
significant. At the receiver delayed versions of the transmitted signal will be present with relative 
phase shifts. When the receiver is in motion the multipath situation changes dynamically. Each 
component path length is effectively a function of the mobile position, therefore the phase 
relationship amongst various incoming waves changes. This introduces fluctuations in the 
received signal amplitude that appear to be varying randomly with time.
All multipath components in a mobile situation experience similar effects, their vectorial sum 
produces the resultant signal at the receiver. However, in a practical situation, due to random
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variations in the individual path length, the resultant signal amplitude and phase varies randomly 
as well. Deterministic treatment of these variables, signal amplitude and phase, is therefore 
difficult to perform. Nevertheless, statistical characterization is feasible and this approach is 
adopted in most channel evaluations for multipath effects.
Contrary to fixed satellite systems, where highly directive antennas are normally used and 
flexibility to choose location for a clear LOS link almost eliminates multipath and shadowing 
problems, such option does not exist for MSS. In the latter case the signal from a satellite antenna 
is expected to illuminate the whole scene in the vicinity of a mobile receiver. Modest gain 
antennas with relatively much broader radiation patterns, typical of mobile terminals, do not 
eliminate many of the multipath reflections. Major multipath contributions for a LMS link can be 
divided into two categories:
I. Specular Ground reflections
n. Diffusely scattered components from terrain features
3.5.1 Specular ground reflections
The signal component reflected from the ground in the vicinity of the mobile is generally assumed 
to be coherent. In such a case the reflections take place at what is often referred to as a smooth 
earth surface within the first Fresnel zone. At UHF frequencies and above, which are used for 
mobile communication, specularly reflected components from the ground would be negligible. 
This is particularly true for mobile satellite cases where relatively high elevation angels are 
involved and the LOS signal is more frequently available due to high path elevation angles 
involved, amplitude fluctuations are predicted to be Rician distributed for most of the time. The 
Rician envelope probability distribution may be described by [45]:
p ( r ) = - ^ e x p  L  (3-7)
Where /^[.] is the modified Bessel function of zero order.
In most practical cases, whatever ground reflections occur is expected to be screened out by the 
antenna gain function. Therefore, ground reflections are not envisaged as a serious degradation to 
most LMS links [48].
3.5.2 Diffusely scattered reflection
Due to the nature of the LMS link, significant reflections may reach the mobile terminal from 
objects and tenain features surrounding it. Relative phase shifts of various multipath components
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may lead to constructive or destructive interference amongst them. Relative amplitudes of the 
diffusely scattered signals depend upon the type of environmental features that cause them and on 
the antenna gain function for elevation and azimuth angle at which they arrive. Apparent 
difficulties in deterministic evaluation of the diffusely scattered signal components have led to the 
employment of statistical characterization. In the land mobile situation where the LOS signal is 
mostly absent, amplitude variation of the received signal at the mobile due to diffuse scattering 
are believed to be Rayleigh distributed. For the LMS case, in which the LOS signal is more 
frequently available, amplitude fluctuations are predicted to be Rician distributed for most of the 
time. Diffused multipath signals can cause appreciable fading in the power available at the 
mobile, resulting in reduced link reliability. For wideband systems, especially digital applications, 
reflections arriving with excessive delays will introduce intersymbol interference (ISI) and hence 
distortion to the received signal [49].
3.6 Shadowing of line-of-sight signal
In the LMS propagation scenario, the LOS path between the signal source and the mobile is 
frequently affected by the obstructions such as buildings, roadside trees, utility poles etc. The 
extent of the influence of so called “shadow loss" on the link reliability may be directly related to 
the type of the environment in which the mobile receiver operates at any given instant. In built-up 
urban areas the attenuation due to LOS obstraction by high-rise buildings may be several dBs for 
significant percentages of time. Similarly blockage by roadside trees may be a limiting factor in 
link reliability in many suburban areas.
Signal attenuation due to a single tree has been measured and modelled using Fresnel diffraction 
theory by some experimenters; it has been shown that the loss is dependent upon frequency, 
lateral distance and tree stmcture. The loss increases with increasing frequency and at shorter 
lateral distances and lower elevation angles.
Attenuation of the order of 10-20 dB at L-band has been reported from simulation studies under 
various elevation angle conditions for single-tree shadowing [50]. In general deeper attenuation 
(-18 dB at L-band) is observed in the immediate vicinity of the obstmction. Therefore the 
diffracted signals are almost non-existent indicating complete loss of LOS signal in most 
instances. At the higher frequencies the attenuation due to shadowing can be expected to be 
deeper. In the following sections a review of various channel measurements and models is 
presented from the systems engineering viewpoint. Figure (3-1) illustrates the scenario for 
different obstmctions in the satellite communication channel.
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Figure 3-1: Scenario for LOS, blocking and shadowing in satellite channel
3.7 Land mobile-satellite channel measurements and models
Having identified the problems concerning signal propagation through a mobile channel, the next 
stage is to quantify the effects on signals to be transmitted through it. A series of mobile-satellite 
channel propagation experiments have been attempted by various researches to identify as many 
physical variables affecting and contributing to propagation degradation in mobile-satellite links 
as possible. Experiments have been carried out under a variety of environments i.e., rural, 
suburban, open forested and even built-up urban locations to examine the extent of multipath and 
shadowing effects.
As distinct from the terrestrial situation, the elevation angle of the satellite is considered to be an 
importzmt parameter for LMS channel studies. Since most of the early studies envisaged that the 
space segment of LMS systems would consist of GEOS, therefore elevation angles typical for the 
mid-latitudes areas i.e., up to about 50 degree were considered. Most studies have thus produced 
statistics on fading for elevation angles below 50 degrees and for narrowband channels. In the 
next section of this chapter various channel models have been developed and these are considered 
in the following sections. Herein we review the propagation studies on the LMS channel and the 
resultant models that have been adopted.
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3.7.1 LMS propagation studies
One of the earliest measurements for the LMS channel is believed to have been carried out by 
Hess [51]. The measurements were taken at 860 MHz and 1550 MHz with satellite elevation 
angles varied from 19 to 43 degrees. In addition to the elevation angle, other variables taken into 
account for analysis and modelling were also related to the physical nature of the channel. These 
were local environment, mobile heading and side of the street.
It was concluded from the results that the most important factors in determining the loss were 
local environment and mobile heading. In urban environment the loss of up to 25dB was 
experienced, for 10% of the time at 860 MHz, whilst for rural environments the fade is of the 
order of 15 dB at L-band frequency.
Butterworth and Matt [52] reported propagation measurement at UHF frequency of 870 MHz for 
elevation angle up to 20 degrees, to study the effects of foliage attenuation and small-scale data 
for the mobile channel. It was found that the signal strength measurements under the LOS 
condition followed a Rician distribution, with varying fit parameters depending upon the mobile 
surrounding terrain. Under heavy shadowing conditions i.e., primarily by roadside trees, the 
propagation loss was log-normally distributed.
Results from major propagation trials have been reported by Loo [53]; elevation angles of up to 
30 degrees were considered by flying a helicopter at various altitudes. Analysed results were 
therefore presented for environmental conditions corresponding to light and heavy shadowing 
conditions. It is clear that the losses generally decreases with increased elevation angle, indicating 
reduced interruption in the signal path and hence lower shadowing loss. Even under heavy 
shadowing, the losses for 90% of the time decrease from about 20 dB at 5-degree elevation angle 
to 7 dB at 30-degree elevation angle. The attenuation is a function of the elevation angle, and is 
less in case of light shadowing when compared to those corresponding to heavy shadowing. As an 
example, for 95% of the time the signal level remained between 11 and 17 dB for the light 
shadowing case, a difference of only 6dB, whilst it ranged from 11 dB to 23 dB in the case of 
heavy shadowing giving a difference of 12dB, for the various elevation angles considered.
Separate propagation trials involving transmissions from the MARECS-A satellite at L-band 
(1542 MHz) were also carried out under the Canadian MS AT program. The satellite elevation 
angle during the measurements was reported to be 20 degrees [54]. Signal envelope distributions 
for light and heavy shadowing conditions show large differences in attenuation at equiprobable 
levels.
Most recent results from a larger propagation database at L-band are reported in [55], 
environmental conditions have been divided into four categories. These include light, light-to-
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heavy, medium and medium-to-heavy shadowing conditions. The results show that the fade 
margin requirements to counter losses due to shadowing and multipath vary over a wide range 
primarily depending upon the nature of the surrounding terrain. For 99% availability the fade 
margin varies from 14dB under light shadowing to about 22dB for heavy shadowing at L-band. 
Link availability requirement also imposes severe limitations on system design, the fade margin 
increases by about 1 IdB when availability is to be enhanced from 90% to 99% in most cases.
Lutz [56] has reported results from a series of propagation measurements carried out in a variety 
of European environments. The measurements involved channel recordings between Inmarsat’s 
MARECS satellite (26 deg. W) and an instrumented mobile vehicle. The naiTowband 
measurements were conducted at a carrier frequency of 1.54GHz, in L-band, relayed from the 
satellite at elevation angle varied from 13 to 43 degrees. The results show that amplitude 
variations do not generally follow the Rayleigh distribution, primarily due to the fact that the LOS 
signal is frequently available. In a city environment the link availability of 60% is achieved by a 
fade margin of 10 dB compared to 90% in an open environment of a highway for the same 
margin. Similarly fade duration statistics show that fades of the order of 10 dB or more occurred 
for more than 0.1 sec., 26% of the time in a city at mobile speed of 10 km/h and 6% of the time on 
a highway at 60 km/h.
Bundrock and Harvey [57] reported results from channel measurements canied out in Australia 
for the AUSSAT system. The campaign involved signal transmissions from a helicopter at three 
RF frequencies, 893MHz, 1550 MHz and 2660 MHz over the choice of elevation angles (30, 45, 
60 degree). Important conclusions from the study may be summarized as follows:
1)- Link margin requirement increases with increasing frequency.
2)- The higher the elevation angle the lower is the attenuation.
3)- For channel conditions where tree density is high, signal suffers deeper attenuation.
Butt [58] undertook narrowband channel measurements some time ago with the aim to 
characterize the mobile satellite channel at high elevation angle (above 60degres). Channel 
measurements were made simultaneously at L, S and Ku-band frequencies under a variety of 
channel conditions. It was found that at L-band and high elevation angles the amplitude variations 
of the channel are Rician distributed with reduced problems from road-side obstacle shadowing, 
as opposed to Rayliegh and/or Log-normal as is the case for terrestrial mobile and at very low 
elevation angle for MSS scenarios. Also the channel clearly improves when the elevation angle is 
increased; Rician factor increases from 12dB at 60 degiees to 20 dB at 80 degrees. At S-band, the 
channel variations are still Rician distributed but understandably more dominated by the multipath 
effect.
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Measured data as in [33] shows that shadowing statistics depend on the elevation angle and that 
the use of inclined orbit satellite greatly enhances the availability of land mobile satellite 
communication systems. In NGEO satellite systems, the effects of shadowing will be relaxed 
because the satellite can be seen at relatively high elevation angles from Earth stations compared 
with GEO satellite systems.
Parks [59] measurements were carried out at L and S-band covering a wide range of environments 
and elevation angles applicable to a variety of satellite constellations in order to characterize the 
satellite wideband channel. The results indicate that the satellite propagation channel is 
completely different from the terrestrial channel. The main reason for the difference is the 
dominance of the LOS signal. The particular environments and elevation angles have an effect on 
the wideband parameters. The satellite channel has short multipath echo delays with the average 
delay less than 1//sec and delay spread less than 0.25//sec, with the power level 15-30 dB 
below the LOS signal. The frequency selective nature of the channel show wide fluctuations, but 
as expected was found to be worst in the urban environment. However, the coherence bandwidth 
was generally better than 1 MHz at L-band and 2 MHz at S-band in the urban environment at high 
elevation angles.
DLR [60,61] performed some measurements for channel effects to LEO satellite systems. The 
measurements include narrowband and wideband propagation channel, as well as interference 
measurements for the satellite up-and downlink. However, measurements were performed for the 
mobile-to-satellite link in the L-and-S band. Narrowband measurements indicated that shadowing 
effects occur at very low elevation angles of 10 to 20 degrees with fade depths of up to 25dB, for 
elevation angles above 50 deg. moderate link margins of 6-lOdB appear. Wideband measurements 
for a satellite at 25 deg. elevation angle indication quiet small delay spread. Only a few echoes are 
received over the channel, each within 2 //sec. Therefore, this indicates that the shadowing 
phenomenon is predominant at the lower elevation angles.
3.7.2 LMS channel models
It becomes quite apparent from the discussion on signal propagation in a typical LMS 
environment, and from channel measurement results, that the characterization of the LMS channel 
involves a mix of various influences. Although detenninistic treatment of multipath, tree 
shadowing, foliage attenuation and building obstruction may seem useful, the nature of the 
problem requires a statistical characterization. The ultimate objective of any channel 
measurement, such as those reviewed in the previous section, would be to model the channel 
behaviour in as appropriate a fashion as theoretically and practically possible.
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So far as the channel models are concerned, a number of models have been suggested; the 
majority of them either based or tested against actual channel measurements. Some of the most 
important modelling concepts are discussed here regardless of their classification and range of 
application.
CCIR Model [51] is based on the measurements taken by Hess from the ATS-6 satellite during 
1980 near nine cities of the Western and Midwestern parts of the USA. An excess path loss, the 
additional path loss over free space loss, can be calculated by an empirical formula. The variables 
are environment, frequency, elevation angle, vehicle heading and street side. The model is valid 
for the range of elevation angles between 19-43 degrees and calculates the link margin for mobile- 
satellite link to be above a specified value for 90% of the time. For urban areas it is estimated by 
the following foiTnula:
(3.8)
(3.9)
M = 77.5 + 7.95. /  - 0.052 .El + K (7.6 + 0.05S. f  -0.04.El)
and for suburban/rural areas, it is
M = 12.5 + 0.17. f  - 0.17.EI+ K(6.4 -1.19. f  -0.058.El)
Where:
M: is the link attenuation
K: The percentage of locations for which the link is better than a specified level.
The K values are: K (50%) = 0 K (90%) = 7.5 K (95%)=1.65 K (99%)=2.SS
The model does not represent a true picture of the link degradation at high elevation angles and 
predicts rather pessimistic link values at elevation angles outside the range of validity.
Loo [55] proposed a statistical model for the LMS link, applicable to a typical rural environment 
with tree shadowing conditions where, for most of the time, the LOS signal component is 
available at the receiver. The model describes the statistics in terms of probability density function 
of the LOS component. Under foliage attenuation (shadowing), the model is lognormal distributed 
while the multipath components are characterized by a Rayleigh probability density function. In 
addition, these two random processes are assumed to be correlated. The results derived from the 
model are compared to those derived from measurements and are found to be good engineering 
approximations.
Although the model provides a more fundamental understanding of signal propagation, especially 
in tree shadowing conditions, it does not take into account the effect of some important physical 
parameters such as elevation angle. The model certainly requires modifications if it is to be
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applied to a more typical LMS channel, which includes a mixture of various environmental 
conditions.
The Lutz Model [56] is a modified version of Loo's model. The most important underlying 
concept of the model is time-share of shadowing which is used as weighting function in a 
combination of various probability density functions. The time-share of LOS shadowing is 
physically determined by more than one factor, channel conditions (environment) and path 
elevation angle being the most important of all. In more open environments where no shadowing 
is present; the road surface is the only significant scatterer and the LOS signal is present.
The multi-path signal is superimposed on the direct LOS signal from the satellite, with the total 
received signal amplitude forming a Rician process. The received power obeys a Rician 
probability distribution function, see equation (3-6). Obstmction of the path by trees, buildings 
and other objects cause the signal strength to fall. When shadowing is present, contrary to Loo’s 
model, and it is assumed that there is no LOS signal, so that the multipath fading (scattering from 
the buildings etc.) has Rayleigh characteristics, see equation (3-4).
Local mean variations of a mobile channel and shadowing caused by foliage (terrain effects, 
surrounding stmcture etc.) are usually modelled as a lognormal fading process. The slow 
shadowing process results in time varying short-teim mean received power, for which a 
lognormal distribution is appropriate, see equation (3-5).
In order to get the resulting probability density function of the received signal power, the 
probability density of Rician, lognormal and Rayleigh must be combined (i.e. the channel model 
is given by the combination of these). This assumes that the LOS component under shadowing is 
Log-normally distributed (no shadowing Rician distributed) and that the multi-path effect is 
Rayleigh distributed. Therefore the resulting probability density function is given by:
P(r) = (1 -  A).P„i,,{r) + a ]  P„^y ( r /  O’,  )d ,, (3.10)
0
Where
A: is the time-shaie shadowing factor.
Athanasios [62] conducted a LMSS propagation measurement campaign at 1.8GHz for high 
elevation angle (from 60-80 degree) channels. Four narrow streets with large building blocks and 
heavy traffic were tested. The results show considerable increase of the fade depth compared to 
suburban and mral environments. In general, the fade depth decreases with the increasing 
elevation angle, and the overall analysis indicates the strong dependence of the signal attenuation
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on the width of the streets, the average building height and the vegetation at the edges of the 
street.
A model was constructed to represent the measurements, for which the analytic form is given by: 
M = -A. In (P) + B
(3.11)
Where
M is the attenuation in decibel 
P is the percentage exceeding
A and B are derived from polynomial given by the following equations:
A(El)= 180.487 +5.5219. (El) -  0.4014.(.Elf ^
B(El) = 180.487 +5.5219. (El) - 0.4074.(£/)^ ^
The combined empirical fading model (CEFM) for L/S bands has been developed covering 
elevation angles in the range (20-80 degree). The model combines the empirical roadside 
shadowing model (ERS) and the empirical fading model (EFM) derived from the results of 
narrow band propagation campaign. This model gives better estimation for the channel at high 
elevation angles. The ERS model is only applicable to L-band, hence it needs a scaling factor to 
get the channel estimation for S-band, the measurements were covering path elevation angles of 
(21-60 deg.) for different channel conditions around central Maryland, USA.
The EFM model is a high elevation angle model, which has been derived from cumulative fade 
distributions of helicopter-mobile propagation environments at (L/S and Ku bands) taken around 
the Guildford area. The measurements obtained covered elevation angles 60-80degrees. The 
CEFM combines the two models to give channel attenuation for range of elevation angles 
covering from 20-80 degree for L and S bands. The CEFM model takes the form similar to that of 
the other two and is given by:
M == A In (P) + B
(3.14)
The coefficient A and B are given as follows:
A = 0.002.(£ /)^ -0 .15 .(£ /) -0 .7  - 0 . 2 /  ^
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B=  27.2 + 1 .5 /-0 .3 3 . (£/) (3.16)
Where
M: is the attenuation for a specified link outage probability.
P: link outage probability in the range 1% to 20%
/■ L or S band frequency in GHZ.
El : Elevation angle in degree.
The Merged empirical roadside shadowing model (MERS) [64,65] covers the same range of path 
elevation angles of the ERS model, with percentage optical shadowing from 35-85 deg. The 
model was obtained by curve fitting the measured cumulative fade distributions. The MERS 
model has derived from measurements taken at L-band, but it can be used for S-band frequencies 
after applying the scaling factor.
Goldhirsh model [66] is a revision to previous ERS that extends the probability interval ranges 
from 1% to 80%, the frequency interval from 780-20000 MHz and the path elevation angle ranges 
from 7-60 degrees.
Vucetic [57] applied a model describing signal amplitude and phase variations on the shadowed 
satellite mobile channel. A linear combination of Lognormal, Rayleigh, and Rician models is used 
to describe signal variation over an area with constant environment attributes, while an M-state 
Markov chain is applied to represent environment parameter variations. For most scenarios 
encountered in a LMS system, the channel model can be represented by four states. The first two 
states are modelled by Rician fading with different ratios of direct to diffuse signal component 
powers. The third and fourth states are modelled by a linear combination of Rayleigh and 
Lognormal fading. The statistical character of signal variations strongly depends on the type of 
environment in which the vehicle is located and the elevation angle. Shadowing is attenuation of 
the direct path caused by roadside trees, buildings, hills, and mountains. The shadowing is the 
most dominant factor determining signal fading; its effect depends on the signal path length 
through the obstacle, type of obstacle, elevation angle, direction of travel and carrier frequency. 
The shadowing is more severe at low elevation angles, where the obstacle-projected shadow is 
high.
M-state Markov channel model [67] is based on the following considerations. As the mobile 
terminal moves from one location to another, the environmental properties change. Hence the 
received signal is represented by a model with vaiying parameters. This type of model is known 
as non-stationary. Although the channel characteristic varies over lai'ge areas, propagation 
experiments have shown that channel characteristics remain constant over areas with identical
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environmental features. Therefore a LMS channel can be modelled with constant parameters over 
this area, A channel model for large area of interest can be modelled by a finite state Markov 
model, hi a Markov model, the whole area of interest is divided into ‘M‘ different areas with 
constant environmental characteristics. Then each of M areas is represented by M stationary 
channel models. Particular channel states are characterized by one of the models, Rician, Rayleigh 
or lognormal. The probability of the mobile terminal moving from one state to another is 
described by the transition probability matrix. During each state the mobile terminal is in, the 
transition probabilities are assumed to be constant.
The probability of switch from one state to next is dependent on the time a mobile terminal was 
in the present state and the elevation angle (i,e, at high elevation angles, probability of satellite 
visibility is high). Two separate LMS channels (statistically independent) are assumed in this 
model. The combined shadowing behaviour of the two LMS channels can be modelled by a four 
state Markov chain, describing the possible combinations of a good and bad state of channel 1 and 
channel 2, The two channels are chosen in the simulation for the two highest satellites. If one of 
the two satellites is shadowing, the other one is still in view of the user and still maintains service. 
In this way service availability can be substantially improved.
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Figure 3-2: Four states Markov model
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Figure (3-2) shows a four state channel model and transition from one state to another. The 
channel states 1,2 and 3 represents a good channel, where there exists at least one satellite that is 
available; the channel state 0 corresponding to a situation where the signal from both satellites is 
blocked by an obstacle in the propagation path.
Corazza [68] applied a statistical channel model in NGEO satellite channels, such as LEO and 
MEG channels, in which for a given user located in a generic site the elevation angle changes 
continuously. The model is a combination of Rician and Lognormal statistics, and is suitable in 
principle to all types of environment (rural, suburban, urban) simply by tuning the model 
parameters. In Corazza’s proposal, shadowing is assumed to affect both direct and diffuse 
components. The parameters of the probability distribution model are described by empirical 
formula to fit measured data. The channel model is validated against measured data and the 
empirical formulas for rural tree-shadowed environment. However, the model and the propagation 
measurement were made only at the L-and S-band frequencies. The bit error probability has been 
evaluated at different elevation angle. For high elevation angles greater than 60 deg., when 
shadowing is negligible, it is evident that there is an error floor in the bit enor probability due to 
the presence of the diffusion component.
A. John [69] has a model to characterize the land mobile satellite propagation channels for spread 
spectrum communications. This model is based on measurement compagains at L/S-band and the 
parameters of the model are the results of fitting procedures to measured data. This model and its 
parameters are reliable for various environments (i.e.; urban, suburban, highway, rural and 
wooded areas) and elevation angles.
3.8 Classification of channels
The impulse response for the mobile radio channel is said to exhibit both delay spreading and 
Doppler spreading as explained below.
3.8.1 Delay spreading: time dispersion and frequency-selective fading
Time dispersion and frequency-selective fading are both manifestations of multipath propagation 
with delay spread. Time dispersion is a result of the signal taking different times to cross the 
channel via different propagation paths. As the electrical length of each path is expressed as 
function of frequency, frequency selective fading occurs. This basically means that as the 
transmission bandwidth is increased, the frequency component are attenuated by different 
amounts, hence distortion results.
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A measure of the transmission bandwidth at which distortion becomes appreciable is often based 
on the channel’s coherence bandwidth. Coherence bandwidth ((A /)^ ) is the frequency spacing
required for an envelope correlation of 0.9 or less. This bandwidth is inversely proportional to the 
rms value of the time delay, defined by [45,70].
(3.17)rms
For a communication system, it is possible to select the signal bandwidth W such that it satisfies 
the condition W «  (A /)^ and the signal interval T to satisfy the condition T «  (Ar)^. Where
(A?)c is termed the coherence time. The coherence time is usually defined as the required time
interval to obtain an envelope correlation of 0.9 or less. It is inversely proportional to the 
maximum Doppler frequency and is defined by [45].
(^0,; = ^  (3.18)
Two sinusoids with a frequency separation greater than the coherence bandwidth will be affected 
differently by the channel. If the bandwidth of the transmitted signal is smaller than the coherence 
bandwidth, the channel is said to be non-frequency selective. On the other hand, if the bandwidth 
of the transmitted signal is larger than the coherence bandwidth, the channel is said to be 
frequency selective.
3.8.2 Frequency dispersion and Time-selective fading
Frequency dispersion results in the signal bandwidth being stretched so that the received signal’s 
bandwidth is different from that of the transmitted signal. If the duration of the signal is long, the 
characteristics of the channel can change significantly before the signal reaches the receiver. 
Thus, distortion results.
At the same time, Doppler spreading of the signal increases relative to the transmission bandwidth 
until it is possible to observe significant widening of the received spectrum. Distortion becomes 
noticeable when the transmitted signal duration increases beyond the channel’s coherence time. 
The time delay spread results in intersymbol interference, which is especially critical in digital 
communications.
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3.9 Overall mobile-satellite channel model
An overall mobile-satellite channel model is shown in figure (3-3) according to [130]. Parameters 
required for the modelling are derived from John [69] according to the environments and 
elevation angles. There are two parts of the model: a satellite process, which includes effects 
between the satellite and the earth and the terrestrial process, which accounts for all the effects of 
the vicinity of the mobile.
: Satellite process j : Terrestrial process
Shadowing & Wideband Fading
fp-arminH • r............I*....................îSatellite-grou d i : Exp(jWsgt)\ Satellite-ground 
Doppler
ri(t)
: Path Loss \
r2(t) — rn(t) 
y(t)
Figure 3-3: Complete Mobile-Satellite channel model
The satellite process includes the time delay (T^g ), arising from the total propagation path length,
a total path loss (A) excluding shadowing, which includes free-space and atmospheric loss 
component and a Doppler shift frequency which arises from the relative speed of the satellite and 
a point on the ground adjacent to the mobile. Note that there are two distinct sources of Doppler: 
one is a Doppler shift arising from satellite motion relative to the ground, while the other is a 
Doppler spread arising from the motion of the mobile relative to the scatterers in the immediate 
vicinity.
The terrestrial process includes all of the fast fading and shadowing effects. The first tap in figure 
(3-3) represents the LOS component and the other taps represent reflected components (echoes). 
Delay T ),T2 , ,r„and fading parameters q (t),r2 ( / ) , . . . , (f) are changing parameters
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depending on the surrounding environments and speed of mobile user terminal. Local mean 
variations of mobile channel and shadowing caused by foliage are usually modelled as a 
lognormal fading process [45]. The number of near echoes in the close vicinity of the receiver 
follows a Poisson distribution and the delay distribution follows an exponential distribution.
3.10 Summary
Various channel models and propagation measurements were reviewed in this chapter. The bulk 
of the data has been derived from the measurements made in the mobile GEO satellite channel or 
terrestrial applications and is not directly applicable to the LEO environment. Furthermore, each 
approach used is based on certain assumptions about the statistics of the communication channel; 
these assumptions are not always likely to be true. It has been shown that multipath and 
shadowing of LOS are particular problems of wave propagation in the mobile communication 
environment.
The LEO propagation channel is more complex and different from the GEO channel, terrestrial 
mobile radio channel and mobile satellite channel. For the GEO satellite channel, the channel is 
modelled as Gaussian, which is completely different from the LEO environment. For the mobile 
cellular environment, multipath interference and shadowing occurs and the signal from a fixed 
base station to a randomly moving vehicle in the vicinity within its coverage area are diffracted, 
reflected and shadowed due to trees.
A number of propagation studies quantifying the statistical behaviour of the mobile satellite 
channel have been reviewed. These models provide useful insight into signal propagation under 
various mobile channel conditions as well as important information on link margin requirement. 
From the results of these measurement campaigns it is confirmed that in LMS systems link 
reliability is strongly dependent on a number of variables. The channel conditions (environment) 
in which a mobile terminal operates and the path elevation angle, are of prime importance. 
Narrowband measurements indicate that shadowing is more significant at very low elevation 
angles of 10 to 20 degrees with fade depths of up to 25dB. But, for high elevation angles above 50 
deg. a small link margins up to 10 dB appear and this value can be reduced in case of satellite 
diversity. Suitable high elevation angle orbits can operate with suitable margins. Wideband 
measurements for a satellite at 25 deg. elevation angles indicate quiet small delay spread, with 
only a few echoes being received over the channel.
The reasonable representation for the channel in a LEO is considered to be a combination of 
Rician and Lognormal statistics. The Rician represents the LOS signal that exists most of the time 
for satellite channel and the Lognormal distribution represents the change of the local 
environment of the user (buildings and trees). The Rician-Lognoimal channel is suitable in
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principle to all types of environment (rural, suburban, urban) for satellite channel by changing the 
parameter values
The A. Jahn model [69], Corazza model [68] and DLR measurements are suitable representations 
for NGEO satellite channel, especially at L and S-bands. Also, the M-state Markov channel [67] 
is quite a good model since as the mobile terminal moves from one location to another, the 1
environmental properties change.
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Chapter 4
4 Advantages of CDMA And Band Sharing 
Between Systems
4.1 Introduction
The radio frequency spectrum is a very limited resource already heavily utilized by terrestrial 
radio and satellite network systems in the VHF/UHF and L/S bands. Recently, many mobile 
satellite systems have been proposed to employ Code Division Multiple Access (CDMA) 
technique at L/S band. Those bands have been allocated to mobile satellite services on a primary 
basis since 1992, in addition to existing services. With the expected wireless revolution in 
telecommunication the available spectrum should be used efficiently and flexibly. Methods of 
sharing the frequency resource, not only amongst the satellite networks but also the existing 
terrestrial users of the bands, are the key to the successful implementation of communication 
systems. Accurate knowledge of the state of occupation of the frequencies is especially important 
to control the interference.
This chapter introduces a survey of the principle of the DS-CDMA technique and an overview of 
interference and fading countermeasure techniques. The main objective of this chapter is the 
analysis of system performance of overlapping between CDMA systems and the analysis of 
system performance of overlapping between a CDMA system and a narr ow band system.
Band sharing between different systems (CDMA and TDM A) has been evaluated for maximizing 
capacity and optimising efficiency of using the spectrum available. For the case of widened 
channel bandwidth of the CDMA channel, the overlapping was tested under different degrees of 
channel overlap and different orders of filters. For the case of fixed channel bandwidth, the 
optimum overlapping between CDMA systems depends on the filtering Roll-off factor. Also, for 
a number of narTowband signal users sharing a CDMA channel, the best location of narrowband 
signals to share spectrum with a CDMA system has been evaluated.
These analyses are novel and have not been done before. This spectrum sharing is referred to as a 
CDMA overlay, and has a potential to enhance both the spectral utilization and the flexibility of 
that utilization. The analyses have been performed to increase the overall spectral efficiency in
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the frequency band, taking into account various factors such as the determination of relative 
position of overlapping and the amount of overlapping. Positions of optimum overlapping for 
spectral efficiency aie discovered.
4.2 Interference and fading countermeasures
There are a number of methods for combating both fading and interference that are used in 
particular satellite and digital wireless applications. The choice of countermeasure depends upon 
the nature of the fading and interference and also upon the communications system in use. 
Specifically the choice of the multiple access protocol is an important consideration in system 
design. Appropriate countemieasures for interference and fading in the LEO can be grouped into 
several types for use either alone or in combination. These techniques include coding techniques, 
diversity techniques, RF techniques, modulation and multiple access techniques. Some of them 
will be explained in the next sections and the rest will be explained in chapter 5 and 6 of the 
thesis.
4.2.1 Modulation techniques
The choice of modulation technique has a direct impact on the capacity of the digital 
communication system. It determines the bandwidth efficiency of a single physical channel in 
terms in the number of bits per second per hertz (bit/s/Hz). In selecting a suitable modulation 
scheme for a digital mobile communication system, consideration must be given to achieving the 
following: high power efficiency, high bandwidth efficiency, low carrier-to-channel interference 
power ratio (CCI), low out-of-band radiation, low sensitivity to multipath fading, constant or near 
constant envelope, low cost and ease of implementation. To optimise all these features at the same 
time is not possible as each has its practical limitation and also is related to the others. For 
example, to achieve high bandwidth efficiency one may choose to use a high-level modulation. 
However, if this is done two consequent disadvantages are introduced. Firstly, the power 
efficiency of the system is reduced. Secondly, because the band limited high-level modulated 
signal has a large envelope variation, it generates large out-of-band radiation due to passing 
through a power efficient non-linear amplifier; this in turn, introduces interference to adjacent 
channels. Hence a trade-off among all the above features must be adopted. For the system 
designer, the choice of the modulation techniques is complicated by the nature of fading and 
interference on the link. Fixed satellite channels generally exhibit slow changes between 
reasonable bounds with Gaussian noise dominating the link. Phase shift keying (PSK), and in 
particular, derivatives of quadrature phase shift keying (QPSK) have been particulai'ly favoured 
for these fixed satellite links. Binary phase shift keying (BPSK), QPSK and offset quadrature
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phase shift keying (OQPSK) are traditional modulation schemes in satellite communications. The 
characteristics of these modulations are very well understood. The advantages are simplicity and 
ease in implementation.
Choice of modulation scheme in the LEO environment is cuiTently receiving much attention. It is 
important to recognize the particular consequences for interference and fading countermeasures 
from the choice of modulation technique.
The merits of coherent detection in a non-Gaussian fading channel have long been debated. The 
canier phase recovery and long acquisition times are particular problems at low signal to noise 
ratios, and non-coherent frequency shift keying (FSK) with limiter discriminator detection is 
recognized as perfoiming well in this environment. Minimum shift keying (MSK) is both power 
and bandwidth efficient with constant envelope, and can be both coherently and differentially 
detected. It has the same BER performance as QPSK but with constant envelope. The problem 
with MSK is that the bandwidth efficiency is not as good as QPSK. Figure (4-1) illustrates 
bandwidth unlimited spectrum of BPSK, QPSK, OQPSK and MSK [72]. In order to get better 
bandwidth efficiency, a base band filter is applied to MSK, which results in a class of Gaussian 
minimum shift keying (GMSK). GMSK, one of the class of continuous phase modulations 
(CPM), with BT=0,3 (B is the bandwidth of the signal and T is the symbol duration) offers much 
better bandwidth efficiency than MSK. The coiTesponding practical bandwidth efficiency of 
GMSK is 1.16 b/s/Hz and bandwidth efficiency of MSK is 0.83 b/s/Hz,
Normalised power spectral density to r bandwidth unlimited modulation
QPSK
 QPSIOOQPSK
 BPSK
-1 0  J
Normalised frequency offset from the carrier (tiz/bis)
Figure 4-1: Bandwidth unlimited spectrum of BPSK, QPSK, OQPSK and MSK
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The continuous phase transitions in GMSK result in less side-lobe energy and constant envelope 
allows it to be used in communication systems with non-linear amplifiers, therefore, it is generally 
both power efficient and bandwidth efficient.
;r/4-QPSK is a compromise between QPSK and OQPSK in phase transition. Maximum phase
change of ;r/4-QPSK is 135°, which is between 180° of QPSK and 90° of OQPSK. Hence, 
band-limited ;r/4-QPSK has less envelope fluctuation than that of QPSK and can be non- 
coherently detected and outperforms QPSK in the presence of multipath fading. It has the same 
spectmm; the theoretical Nyquist bandwidth efficiency is 2 b/s/Hz, and BER performance is that 
of QPSK in coherent detection. The practical Nyquist bandwidth is 1.42 b/s/Hz [71,72]. The main 
advantage of ;r/4-QPSK is that it can be differentially detected when OQPSK can not, which is 
one of the reasons that ;r/4-QPSK rather than OQPSK has been selected for the American and 
Japanese second generation digital mobile communications systems, although OQPSK has less 
out-of-band radiation.
GMSK and 7CI A -QPSK have been newly implemented for the Pan-European Global System for 
Mobile Communications (GSM), Japanese and American land mobile communications systems. 
Both are bandwidth efficient and can be detected by differential detection. They work in fading 
environments, which are also a major constraint to modulation and demodulation techniques in 
LEO satellite communications. The practical experiences of GMSK and K / 4 -QPSK in a fading 
channel will be useful in the selection of a suitable modulation for LEO satellite communications 
[72,73].
Trellis coded modulation (TCM) is a combination of modulation with channel coding. It can 
provide high power efficiency without sacrificing bandwidth efficiency. Traditionally, a coding 
gain is achieved at a cost of the redundancy in the code and the separated operation in modulation 
and coding. In TCM, the redundancy in the code is replaced by the redundancy in the size of the 
constellation (i.e.; increasing the number of signal points in the signal space diagram). The coding 
maximizes the minimum Euclidean distance between pairs of signals in the constellation, which is 
the principle of coded modulation called mapping by set partitioning. Trellis coded 8-PSK can 
achieve 3 dB coding gain compai'ed to QPSK without expanding the signal bandwidth [74-76]. A 
maximum likelihood decoding or Viterbi algorithm is required for the decoding of Trellis Coded 
Modulation. The complexity of the decoder in Coded Modulation is the main limitation in 
application. However, the advantages of Coded Modulation aie very attractive to power and 
bandwidth limited communications systems, such as LEO small satellite communications 
systems.
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4.2.2 Multiple access techniques
The method by which more than one terminal accesses a communications system is one of the 
first issues faced in the design of the system. The choice of multiple access method has significant 
impact upon the complexity, cost and use of the frequency spectrum. The use of multiple access 
methods has become an important issue in both ‘little’ and ‘big’ LEO systems. The three widely 
used methods of multiple accesses are Frequency Division Multiple Access (FDMA), Time 
Division Multiple Access (TDMA), and Code Division Multiple Access (CDMA) together with 
various hybrid combinations of these.
• In TDMA, each user is allocated a time slot in which information can be transmitted. The 
information bursts of each user, together with reference burst that provide synchronization 
information, make up a multiplexed TDMA frame and only one carrier accesses the satellite 
at a given time. The simplest system has fixed assignment of slots, although demand assigned 
schemes can be very flexible with allocation of burst length as required. TDMA has some 
advantages such as all the stations transmit and receive on the same frequency whatever the 
origin or destination of the burst, no need to control the transmitting power of the stations, 
transmission throughput remains high for large number of accesses and no need to back-off 
due to the absence of inter-modulation products (only one carrier is present at any instant). 
However TDMA has some disadvantages such as the need for precision synchronization, 
required guard time for separation of the adjacent slots which represents waste of bandwidth, 
and the need to dimension the station for transmission at high throughput[ 16,77].
• In FDMA the bandwidth of a channel is divided into sub-bands; each sub-band is assigned to 
carriers transmitted by an Earth station. With this type of access, the Earth stations transmit 
several carriers simultaneously at different frequencies. It is necessary to provide guard 
intervals between each band occupied by a carrier to allow for Doppler shifts due to satellite 
or terminal motion and imperfections of filters. The down link receiver selects the required 
carrier in accordance with the appropriate frequency. The channel carries several cainiers 
simultaneously and the non-linear transfer characteristic of the channel causes inter­
modulation interference. As the number of carriers increases, the bandwidth allocated to each 
canier must decrease and this leads to a reduction in the total capacity. This results from the 
fact that each canier is subjected to a reduction in the value of (C /N o)t since the back-off is 
lai'ge when the number of carriers is high. FDMA has some advantages, for example it has 
continuous access to the satellite channel in a given frequency band. It has the advantage of 
simplicity and relies on the use of proven equipment and no need for synchronization between 
Earth stations. However FDMA has some disadvantages such as lack of flexibility in case of 
reconfiguration. In order to accommodate capacity variations it is necessary to change the
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frequency plan and this implies the modification of the transmitting and receiving frequencies 
and filter bandwidths of the Earth stations. Other disadvantages are the loss of capacity when 
the number of accesses increases due to the generation of inter-modulation products, the need 
to operate at reduced satellite transmitting power and the need to control the transmitting 
power of the Earth stations to avoid the capture effect [77,78].
• In CDMA, the use of all frequency and time combinations is allowed through the use of 
spread spectrum codes. System designs are constrained in choosing access protocols by the 
rrU  limitations in the allowable power levels for the frequency allocation. Together with the 
interference issues and the complex nature of the LEO link, this strongly promotes the use of 
CDMA techniques. In addition to resistance to interference and frequency selective fading, it 
falls within the ITU limitations on power densities. The advantages have persuaded the 
majority of ‘big LEO’ and some of ‘Little LEO’ applicants to incorporate CDMA into their 
system designs, where the power limiting and interference aie most critical. This technique 
will be explained in detail in the next section. Most of the ‘ big LEO’ systems have chosen to 
use CDMA. In the ‘little LEO’ networks the STARSYS and TAOS aie planned to use spread 
spectmm.
4.3 Principle of spread spectrum techniques
Spread spectrum is the general classification given to a set of signalling schemes that uses a 
much larger than required bandwidth (BW) to transmit information. BW of the order of
10" /^lO  ^times larger than the information bandwidth are common, and though this large 
bandwidth may be devastating to spectmm conservation, the performance benefits obtained with 
spread spectmm far outweigh the cost of bandwidth for many applications.
A generic spread spectmm system is shown in figure (4-2) [16]. The conventionally modulated 
signal has its bandwidth spread just prior to transmission. At the receiver and before any 
conventional demodulation, the transmitted spectmm is despread, resulting in the original 
conventionally modulated waveform. The usual basis for either the spreading or despreading 
operations is the generation of the pseudo random noise (PN) code that is periodic and, to the 
causal observer, seemingly random. Without the precise knowledge of the PN code, it is 
impossible to recover the conventionally modulated signal and hence the basic information. The 
desired receiver must have the capability of generating the PN code and the ability to determined 
the code phase since the extraction of the desired information depends on proper synchronization 
being obtained and maintained.
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Figure 4-2: Process of spread spectrum
To appreciate the significance of the PN code basis and to show how the PN code is used, it is 
appropriate to introduce three of the more widely used spread spectrum techniques namely direct 
sequence code division multiple access (DS-CDMA), frequency hopping (FH) and hybrid of DS- 
CDMA/FH [79].
1. Direct sequence sometimes referred to as pseudo noise (PN): the carrier is modulated by 
the data sequence combined with a PN code sequence, termed signature sequence, whose 
individual element is termed a chip. A chip is much shorter than the information symbols 
constituting the data sequence. The PN code is chosen to facilitate demodulation of the 
transmitted signal by the intended user, and to make demodulation by an unintended user 
as difficult as possible. Figure (4-3) illustrates the process of the DS-CDMA [16].
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Figure 4-3: Process of the DS-CDMA
2. Frequency hopping (FH): the frequency of the data-modulated carrier is shifted 
periodically. According to the period of hopping, it is categorized into FFH (fast 
frequency hopping, many hops per symbol) and SFH (slow frequency hopping, one hop 
per many symbols). FH spread spectrum possesses similar properties to direct sequence 
(DS), the main similarity being the correlation process required at the receiver. The main 
difference between FH and DS is that FH-PN does not directly affect the conventionally 
modulated signal, as does the DS-PN code, but in fact initially goes through a code to 
frequency transformation. An FH system produces a spreading effect by pseudo randomly 
hopping the final carrier frequency over a wide range of prescribed frequencies. The 
hopping pattern and the hopping rate are determined by FH-PN code and code rate, 
respectively. With this ability to change carrier frequency, it is difficult for an adversary 
not only to locate the specific carrier frequency at any time (covert communication) but 
also to jam the particular frequency at the right time. In a contrast jamming power 
situation, the adversaries are forced to decrease this power density to cover the entire 
band of possible frequencies, or to use a high power density-jamming signal over a 
portion of the band. In either case, the adversary must accept a smaller probability of 
creating error. There are two basic differences between DS and FH signalling as currently 
practiced; the code rate and the time to acquire synchronization. The code rates of DS are 
usually much larger than those of FH. Higher code rates are certainly more desirable from 
an anti-interference point of view but create longer initial acquisition time. Figure (4-4) 
illustrates the process of the FH spread spectrum [16].
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3. Hybrid frequency hopping/direct sequence (FH/DS): this technique combines frequency 
hopped and direct sequence techniques, and take advantage of both of them. First, DS- 
modulation is carried out, and then the DS-modulated carrier is hopping periodically in 
the same manner as in FH techniques.
There are some important parameters for (DS/CDMA) such as [79,80]:
Processing gain ( Gp ) is the ratio of the total RF bandwidth {R^) to the information rate Rf^.
(4.1)
Interference (jamming) margin is the degree of interference which a spread-spectrum system 
can withstand while receiving a desired signal and delivering a minimum signal to noise ratio at 
its information output. The relation relates jamming margin to the processing gain.
Jamming margin {M j )  = Gp-{Ef ,  / {dB) (4.2)
Where (E^ / )min is the minimum value needed to support a prescribed average probability of 
error (Pe) for modulation technique.
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4.3.1 Advantage of CDMA over TDMA and FDMA
CDMA has some advantages over TDMA and FDMA in mobile communication applications;
CDMA techniques are selected to achieve the following advantages [81-82]:
• CDMA allows full frequency reuse of adjacent beams with marginal isolation.
• CDMA fully utilizes the voice activity factor to increase capacity and provides graceful 
degradation even when the system is near saturation.
• CDMA capacity is only interference limited (unlike FDMA and TDMA capacities which 
are primarily bandwidth limited); any reduction in interference converts directly and 
linearly into an increase in capacity.
• Soft capacity (i.e., if the maximum number of users are increased, the quality of the 
CDMA system drops slightly), this in turn increases capacity temporarily but with higher 
bit error rate (BER). Alternatively, an increase in external interference can be easily
traded-off for a reduction in the capacity of a CDMA system whilst operating at the
required link quality and without changing the system parameters.
• CDMA signals offer excellent performance in multipath (shadowing/fading) 
environments due to less sensitivity to multipath and the ability to use satellite diversity. 
It seems to be difficult to adopt satellite diversity with a TDMA option. Very precise 
timing advance would be required and a high amount of signalling would be necessary if 
satellite switching is to be used in order to identify how to swap from one satellite to 
another.
• CDMA signals are more tolerant than either TDMA or FDMA signals to CCI because the 
wanted signal at the receiver is despread and the same process spreads the CCI.
• DS-CDMA reduces mobile terminals transmitted power spectral density by spreading the 
base band spectrum over a large bandwidth and can be considered the best technique in a 
system with power limiting. The reduction in power spectral density is equal to the 
processing gain of the CDMA, since the energy of the narrow band signal is despread and 
the wideband signals cause little interference to other narrow band users.
• Spread spectrum CDMA technique has the ability to coexist with other CDMA systems 
and naiTow-band systems to improve the spectral efficiency.
• CDMA system is relatively simple for radio resource management and network control 
compared to TDMA that requires a more complex frequency planning between satellite 
spotbeams, in order to avoid high co-channel interference levels.
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The main disadvantage of using CDMA is that of power control eiTor due to the near-far problem 
and this issue will be explained in more detail in chapter 5.
4.3.2 Spread spectrum application
Anti-jamming capability
Because of the despreading operation at the receiver, any unconelated interference will be spread 
out and thus create less power in the IF bandwidth following the correlation device. This decrease 
in interference power is an indication of the interference rejection capability. The essence behind 
the interference rejection capability of a spread spectrum system can be summarized as follows:
. Multiplication by the spreading signal once, spreads the signal bandwidth [83].
. Multiplication by the spreading signal twice, followed by filtering, recovers the original signal.
. The desired signal gets multiplied twice, but the interference signal gets multiplied only once.
Multiple access capability
In satellite communication a number of users must simultaneously use the same satellite, each 
user may be given a different DS-PN or FH-PN code. In the FH case, it is hoped that the 
probability of two users occupying the same frequency band is very small, thus making the 
mutual interference negligible. If every user is given a different DS-PN code and transmission 
occurs over the same frequency interval, all undesired signals would be spread out and the desired 
signal despread by the specific code. If either the probability of simultaneous frequency band 
occupation or DS-spread interference were small, a large number of users could operate on the 
same satellite.
Multipath tolerance
Any DS multipath signals arriving at least one code-bit interval late will be spread out rather than 
despread by the correlation process. This spreading is a result of the multipath code being 
uncorrelated with the receiver generated PN code replica. The multi-path signal appears as any 
other interference impinging upon the receiver. DS signalling to combat multi-path is of 
discriminatory nature since the receiver discriminates against any time shifted PN codes. If FH is 
used against the multi-path problem, an improvement in system performance is also possible but 
through a different mechanism. FH receivers avoid multi-path losses by rapid changes in the 
transmitter frequency band, thus avoiding the interference by changing the receiver band position 
before the arrival of the multi-path signal.
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High-resolution density
By determining the time it takes a DS spread spectrum signal to transit the distance to and from 
an object, it is possible to estimate the range to the object. The determination of the time -of- 
arrival is accomplished by observing the initial time difference between the receiver’s generated 
PN code replica and the received signal’s PN code during the synchronization of the incoming 
signal. Uncertainty in the delay time measurement is inversely proportional to the bandwidth of a 
single pulse, which is inversely proportional to the bandwidth of the pulse signal [79]; that is,
(4.3)
Due to the inherent bandwidth of a DS signal, the time of arrival resolution is very high. 
Identification
Each user of a large communication system may have a different PR code sequence, similar to the 
multiple access system. Because of this uniqueness, the identification of any user is accomplished 
via the determination of the PN code being used. In addition to the identification capability, one is 
also able to selectivity call or discretely addresses a particular user by generating the unique code 
of that user.
Message privacy and low detectability
Without proper knowledge of the PN code sequence, an adversary cannot properly despread the 
incoming spread spectmm signal; this prohibits access to the conventionally- modulated signal, or 
in some cases, the base band information itself. A message privacy system is sometimes referred 
to as a secure communication system. It is important to note that while linear PN codes are widely 
used for interference rejection, navigation, and other applications, they do not provide a secure 
communication environment because an adversary can theoretically decipher the code once a 
short sequential set of 2n+l (n = number of shift register stages needed to generate the code) bits 
from the sequence is discovered. To secure a communication system, non-linear PN codes are 
used for spreading.
Spread spectmm modulation results in a low power density signal with statistical properties 
similar to noise. As a result, the transmitted signal is very difficult to detect.
Power flux density reduction
In order to meet the international guidelines limiting the power flux density impinge on the 
surface of the eaith, certain satellite communication systems have resorted to reducing the power 
flux density by means of wide band spread spectmm signalling schemes.
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Because the immediate concern of this study is the interference rejection capability of spread 
spectrum communications, the amount or degree of rejection possible is the most significant 
quantity. The most widely measure of this quantity, termed the system processing gain, is given 
by the ratio of the RF frequency to the information bandwidth. This reduction in power is referred 
to as a gain, and specifically the despreading or processing gain. For DS signalling the ratio is the 
PN code rate over the symbol rate, and for FH, the ratio is identical to the number of hopping 
frequencies used [81].
4.3.3 Maxium capacity of access and throughput
Consider a DS/CDMA system, with m received caiiiers all of equal power C, the useful carrier 
power at the receiver input is therefore C. If E/, is the energy per information bit and /?* is the 
information bit rate then we have [84]:
(4.4)
The total noise power density (thermal and interference noise) at the receiver input of bandwidth 
B is given by the sum of the system self noise power spectral density generated by {n-1) users and 
the thermal noise power density [84,85]:
N t~{n — \).C I B + N  otii (4.5)
Then by using equations (4-4) and (4-5);
c  I M _____ __________"  ‘ (4.6)
For a given Eb/N ^  and assuming the thermal noise is negligible compared with self-noise, 
the maximum number of simultaneously accesses ^max
1 B/ Rb
«m ax= e , , I N ,
This equation shows that the maximum number of simultaneously accesses is directly 
proportional to the RF bandwidth of the signal and inversely proportional to the information bit 
rate (R^ and E/iV, . This means that a drop in system performance can accommodate an increase 
in capacity without changing any other system parameters. Proper utilization of voice activity, 
coding techniques, frequency reuse, sectorization, soft handover and Rake receiver capability of 
CDMA makes it attractive for cellular systems. However, imperfect power control may result in 
significant reductions in estimated capacity [85].
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The throughput of a multiple access is defined as the ratio of the total actual channel capacity to 
the potential channel capacity. The total actual channel capacity is equal to the maximum number 
of users multiplied by each user infoimation rate(»max The potential channel capacity is
given when a single caiTier, not using spread spectmm, occupies the entire bandwidth B. 
Assuming modulation spectral efficiency of 1 bits/s.Hz, then the potential channel capacity is Rc 
(Rc =B X 1 bits/s.Hz). The throughput, //, of a CDMA system is therefore given by:
B~{j^raax Rc (4.8)
4.3.4 Synchronous and Asynchronous CDMA
There are two basic foims of the transmitting and receiving CDMA, either synchronous or 
asynchronous.
Synchronous CDMA
Synchronous CDMA implies that there is some form of synchronization at chip level, this results 
in a better performance of a self noise rejection since the correlation properties of the spreading 
PN sequence are optimal when the chips are aligned (i.e. no chip overlap). The receiver of the 
spread spectmm system requires the generation of a local spreading code signal that is time 
synchronized with spreading code signal used at the transmitter, in addition to the carrier 
synchronization required for coherent demodulation. The spreading code synchronization consists 
of two steps; coarse synchronization (acquisition) and fine synchronization (tracking) [86,87].
The acquisition step is performed during the link set-up, and when the tracking circuit loses lock. 
The average acquisition time depends on the length of the uncertainty intervals in terms of the 
number of chips, the examination time to test a particular code phase, the signal-to-inteiference 
ratio, and the synchronization circuit architecture.
Asynchronous CDMA
Asynchronous CDMA requires a special set of PN sequences that have maximum orthogonality 
when the PN codes are not aligned. These set of codes are called extended Gold codes. A user in a 
synchronous CDMA system can transmit information with no paiticular regard to the state of his 
unique chip sequences. Hence mutual interference is unavoidable in asynchronous CDMA and the 
system capacity is reduced.
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4.4 Analysis of spectrum band sharing between CDMA and other 
systems
The significant advantage of spread spectrum CDMA techniques is the potential ability to coexist 
with other CDMA systems and naiTow-band systems to improve the spectral efficiency. CDMA 
systems are relatively tolerant to narrow-band interference due to their inherent processing gain; 
spectrum spreading minimizes the effect of the interference from CDMA systems to narrow-band 
systems.
The interference suppression inherent to CDMA is not available to the other access methods. 
FDMA and TDMA channels should be separate and non-overlapping; the C/I ratio requirements 
give strong channel isolation, to avoid co-channel and adjacent channel interference.
The capacity of a CDMA system is interference limited due to the internal code interference 
(interference from other users sharing the same channel) and external interference. This implies 
that spectrum overlapping will result in a loss of capacity for the CDMA system compared with a 
non-shaiing system. The overlapping techniques make use of multi-carrier code division multiple 
access (MC-CDMA) waveforms. In such a design, multiple nairow-band CDMA wavefoims, 
each at a distinct carrier frequency, are combined together to form a composite wide-band CDMA 
signal. Among the advantages of such an approach is the ability to achieve the same types of 
system performance that a conventional, single caiTier, wide-band CDMA signal would provide. 
Regarding the overlay, MC-CDMA transmission can be especially attractive, since frequency 
slots occupied by the narrowband waveform can be avoided altogether by simply not transmitting 
at the corresponding canier frequencies [88-90]. The spectrum overlapping can be classified as 
follows:
• Overlapping between CDMA channels.
• Overlapping between CDMA channel and a narrow band signal shaiing the same band.
Also, the overlapping between CDMA channels can be categorized as follows: changing the 
frequency separation makes overlapping between the CDMA channels without increasing the 
channel bandwidth in addition to, overlapping between CDMA channels is made by fixing 
frequency sepaiation between the CDMA channels and increasing the channel bandwidth (i.e., 
each channel is widened to occupy a larger portion of the band).
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4.4.1 Analysis of overlapping between the DS-CDMA systems
We are interested in exploring the optimum overlapping technique between the adjacent MC- 
CDMA channels or overlapping between different CDMA systems sharing the same spectrum for 
minimum adjacent channel interference, which improves spectrum efficiency.
The channel overlapping technique is applicable only to CDMA because a certain amount of 
interference can be tolerated, since it can operate on much lower d  I values (channel isolation is 
very small) [91]. The spectrum of CDMA is determined by the chip pulses of the PN sequence 
and has a jmc-shape. The most power spectrum of each channel is concentrated at the middle of 
the band, results in power coming from the "tails" of the spectrum of the adjacent overlapping 
channel is small for small amount of overlap. For an optimum choice of the permissible channel 
overlap, the net effect is a reduction in total interference with considerable improvement of 
spectrum efficiency and increase in the capacity of the system.
4.4.1.1 Analysis of overlapping by widened channels bandwidth
The novelty in this technique is exploring the optimum overlapping between adjacent CDMA 
channels. It is proposed to allow adjacent channels to have certain amount of overlap; this means 
that each channel is widened to occupy a large portion of the bandwidth. Although the adjacent 
channel overlap permits adjacent channel interference, the larger bandwidth realized for each 
channel increases the processing gain and hence reduces the interference. We assume the power 
control is perfect and the coded pulses have rectangular shapes. In the case of non-overlap, 
orthogonal code and single cell; canier to interference ratio is given by [92]:
(C /  /  )„ = ----------------   (4.9)
Where C is the carrier power, I  is the interference power.
is the number of users sharing the channel and is the total power of one CDMA channel. 
The E  ^/Wg is equal to:
E,IN,=PGjCll)„
Where PG„ is the processing gain without overlapping.
By using equation (4-9) and equation (4-10) the number of users is equal to;
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Where (E l|Ng)f|  ^is the threshold value of the detector.
We assume for AWGN both (E ^ /^o^th  set to 6.8dB for voice at BER=10’’^  and
127 respectively. The bandwidth of the channel before overlapping is and BW^ is the
bandwidth of the channel after overlapping. The amount of interference coming from the adjacent 
channel after overlapping is denoted by {lo)ext • The relation between the processing gain of the 
CDMA channel after and before overlap is given by:
(TO„ / / > G „ ) = ( W ,  / W „ )
(4,12)
Where, PG^ is the processing gain after increasing the channel bandwidth.
The total interference has two components; one from the internal interference (7  ^) from users 
shaiing the CDMA channel, and the other from adjacent channel {Iq)ext &nd is given by:
t T = b o \ r , ,  +  ( J o ) e x t  ,3^
O o  ) ,n c  = P . ~ ^K „ (4.14)
Where is the number of users in the CDMA channel after overlap, is the power of the 
CDMA channel after overlap. The total power of the channel is the net of the power of the desired 
channel (7^) and the adjacent channel interference(lo)ext is given by:
P T = b c ) e x t + P o (4.15)
The carrier to interference ratio for the CDMA channel after overlap is given by:
K ^ . P r - P o
We assume the threshold level of E  ^/iV^ of the detector is the same in both cases then, 
i E i , / N^ ) , i , =P G„ . { C / l ) ^
Substituting (C/ 1)^ from equation (4-16) into equation (4-17), we obtain:
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{E,  /  )„  =  PG„ {BW,  /  BW„ J " —  (4.18)
The factor represents the ratio the capacity E^can be obtained by
simplifying equation (4-18), we obtain:
The improvement of the overlapping system can be obtain by dividing the capacity of the system 
in case of overlapping with respect to the capacity of the system of non-overlapping, and is 
obtained from equation (4-11) and equation (4-19):
K oh= - ^  (4.20)R'tl
All the values of this equation are known except and Pj which are given by the integration of
the curve of desired channel after increasing the bandwidth of the channel before and after 
filtering respectively. It is obvious from figure (4-5) that the relative capacity increases when 
B^on  ^Iso increases until certain limit. The capacity improvement reduces with increasing
BWqji after the optimum value. The reason is that the amount of the reduction in the interference
caused by the larger processing gain, due to increasing CDMA channel bandwidth, is less than the 
adjacent channel interference due to overlapping. For N=4 the optimum value of the capacity 
improvement {K^^)  is 1.21 at =1.37 and the optimum value ofE^^ is 1.18 at
=1.33 for N=5. It is clear for N=5, where N is the order of the filter, the optimum value of the 
capacity improvement reduces because the slope of the roll-off factor filter increases and becomes 
more sharp.
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Figure 4-5: Performance of sharing between CDMA channels
4.4.1.2 Analysis of overlapping by changing channel separation between 
CDMA channels
A root-raised cosine filter at the transmitter achieves the spectral shaping of the signal and limit 
the transmitting energy within desired bandwidth. The effect of filtering will be evaluated by 
assuming raised cosine filter with different roll-off factors. Figure (4-6) illustrates a simplified 
block diagram for CDMA system model.
Source Spreading Raised —» QPSKEncoder \focL Cosine Filter Mod.
Up.
OMiverter
Comm.
Channel
N.B
Signal -^ 6
Source QPSK Despreader Raised Down-Ehcoder Dem. Cosine Filter Converter
Figure 4-6: Block diagram of CDMA system
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According to the IS-95, the CDMA channel bandwidth is 1.23Mhz with data rate equals 9.6kb/s 
and the processing gain {PG) equals 128. For a system with a chip rate of Rep equals 1.228Mc/s,
the channel bandwidth will be =/? ^^(1 +  / 5 ) , where P is the Roll-off factor in the range 
0 .2- 1.0 .
The frequency characteristic of raised cosine filter are given by [79]:
c p
X
0
1 / 1
/ i  -< 1 / |  f i
\ f \ ^ f 2
(4.21)
Where
X  =Tep  COS K | / |-
J)2)9
h ^ { \ -
/2  = (1 + ;0)R,^ / 2
Assuming the two CDMA systems aie identical and both have a perfect power control, the 
overlapping of CDMA/CDMA system can achieve an improvement in the spectral efficiency and 
the amount of the spectral efficiency can be evaluated.
The total frequency efficiency without any spectrum overlapping is given by:
_  Actual capacity of the channel 
Total Bandwidth of the channel 
2 X .R .
(4.22)
With overlapping the total frequency efficiency is given by:
"  fsep  +  R c p - 0 +  P )
Where is the bit rate, the improvement in the spectral efficiency is given by;
_ ejf 2 -  eff I
(4.23)
(4.24)
Figure (4-7) illustrates different situation of overlapping of two adjacent CDMA channel.
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Figure 4-7: Different situation of overlapping of two adjacent CDMA channel
Figure (4-8) shows that the optimum overlapping techniques depends on the roll-off factor of the 
raised cosine filter. For roll-off factor (y3 =1), the maximum efficiency improvements are 13.4%,
at optimum overlapping between the adjacent CDMA channels ( I =0.7\). For =0.8,
maximum efficiency improvement is 11.8% at optimum overlapping (fsep^W^= 0.74), as
decreases the maximum efficiency improvement reduces.
I S
0.1
I #s
OS
Figure 4-8: Performance of sharing between CDMA channels
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There is no capacity improvement for all values of the roll-off factor of the raised cosine filter for 
( f^gp/Wg <0.49), because the amount of interference from the adjacent channel is more effective 
with respect to efficiency improvement.
The interference effect of CDMA system 2 to the other CDMA system 1 can be estimated as 
follows;
sk Interference power of CDMA2{Iq2) Interference power of CDMA 1(/^ ) (4.25)
Where
W, 12Ic2=K. jPci-HUf-fsep)df
~ W J 2
(4.26)
W J 2
/ c i = - W J 2
(4.27)
W J 2
K W, ! 2
-W,  /2
04 28)
Where
is the loss of capacity due to overlapping; k is the number of users in CDMA channel; P i^
is the power of each CDMA user signal; fggp is the frequency offset between two adjacent carrier 
frequencies; is the internal code interference of a single CDMA signal.
From figure (4-9), the overlapping between the adjacent CDMA channels causes a loss of the 
capacity of the CDMA channel with respect to non-overlapping, and the amount of loss depends 
on the roll-off factor of raised cosine filter, which reduces with increasing the roll-off factor at 
ifsep /Wg >0.5). The loss of capacity is approximately the same for different roll-off factors at 
the optimum overlapping of each case and, equals 0.04.
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Figure 4-9: Losses of capacity due to sharing
4.4.1.3 Analysis of sharing between DS-CDMA and narrowband signal
One of the most attractive features of direct sequence code division multiple access (DS-CDMA) 
system is the ability to overlay the spread spectrum waveforms on the top of narrowband signal of 
communication systems. DS-CDMA signals, spread over a sufficiently wide bandwidth, have a 
very low power spectral density, so the additional degradation to the narrowband systems can be 
made small. Furthermore, to eliminate the interference from the DS-SS signals to a narrowband 
user, one can just stop transmitting at this frequency, which occupies the same spectrum as the 
narrowband user; in this case there is no interference from the CDMA to the existing narrowband 
system. On the other hand, the DS-CDMA is inherently resistant to narrowband interference, 
because the despreading operation has the effect of spreading the narrowband interference over 
the wide bandwidth. However, the narrowband interference signal should be rejected before 
despreading especially when the power of interference is sufficiently large when compared with 
the power of the DS-CDMA.
From figure (4-6), the narrowband signal experiences an attenuation by the square-root raised- 
cosine filter before despreading, the level of attenuation depends on the frequency offset from the 
centre frequency of the CDMA and the bandwidth of the narrowband signal with respect to the 
bandwidth of the CDMA signal.
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Assuming the effect of the filter within the bandwidth of the narrowband signal is very small, the 
interference produced by the narrowband signal after despreading is given as follows;
W, / 2
(4.29)-w. n
Where
^Tn -  R ^ f s e p  ) (4.30)
The interference produced by the CDMA signal from other users after despreading is given as 
follows;
W J 2
I c = K .  \ P c . H l i f ) d f  (4.31)
- tv ,  / 2
The amount of inteiference accumulation of multiple narrowband signals sharing the bandwidth 
with respect to single CDMA signal is given by;
MY^ interferewe power of NBS (4.32)
Interfereme power of CDMAl (/^j)
Where I (n) is the nth narrowband interference and is defined as follows;
W,/2lNBsM=k. jPj.(n).Hi(f-f,,p(n))df (4.33)
- W , / 2
On the other side, the effect of the interference from CDMA system sharing the frequency band 
with narrowband signal will depend on the frequency separation between of them. The smaller the 
frequency separation, the larger the amount of interference signal from CDMA to narrowband 
signal.
Fig. (4-10) illustrates that a greater number of narrow band signal channels may be achieved with 
greater roll-off factor of the raised-cosine filter with insignificant effect on the CDMA system, 
especially when the narrow band signal channels share the edge part of the CDMA spectrum. For 
instance, when the ratio between the bandwidth of the CDMA signal to the narrow band signal 
(W'^/5W1)=50 the internal code interference from single CDMA signal equals the effect of 13 
naiTow band signal users sharing the edge part of CDMA channel at/3 =1.0. The number of
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narrow band signal users sharing the edge parts of CDMA channel reduce with decreasing roll-off 
factor i P  = 0.2) and the number of narrow band users equals 6.
Also, it can be observed that the interference of CDMA to narrow band signal depends on the 
value of energy, which lies in the narrow band signal, and this value is significantly dependent of 
the frequency offset. It is very important to evaluate the bit error rate (BER) performance, in order 
to investigate the frequency-sharing problem of narrow band signal and DS-CDMA systems.
I <   Roll-off-O .2— Rol l -off-0.4 - - -  Roll—off-0  6 •  Roll—off-0  8 R oli-off-1 .0
10 15No of N.B u M r sh a rin g  W.B channel 20 25
Figure 4-10: Number of N.B users sharing with single CDMA channel
4.5 Bit error rate of sharing system
The received signal at the receiver is multiplied by the PA-Sequence, then the narrowband 
interference signal is spread out and its power spectral density is reduced, the total average 
interference power is determined by the value of processing gain and interference power. 
Assuming the narrowband signals are an AWGN, the number of users in a CDMA channel equals 
22 and the voice activity factor(V)equals 0.35. According to the IS-95, the CDMA channel 
bandwidth is 1.23Mhz with data rate equals 9.6kb/s and the processing gain (PG) equals 128. The 
BER of CDMA with QPSK modulations without sharing is given by [93]:
2 ,, _ k — \N o + - y . Ef , . ^ 3  ^ PG )
(4.34)
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In the frequency sharing system, the BER of DS-CDMA with narrowband signals is given by;
(4.35)
Pe = ~ e > f c
r \
Eb
j
2 k - \  No+^y-Eb- + PjPc-PG
Where Pj. is the power of the narrowband inteiference signal. It can be observed from equation 
(4-35), that the performance of CDMA signal depends on the power of the narrow band 
interference and the bandwidth ratio of CDMA to narrow band signal. When the narrow band 
signal level is comparable to the CDMA signal, an active narrow band interference rejection 
technique can be employed at the CDMA receivers at the locations of the narrow-band waveforms 
to minimize interference to the CDMA network.
The BER of DS-CDMA with narrowband signals by using a notch filter is given by:
P e = ^ ^ r fc i
(4.36)
Where g is the bandwidth ratio of the notch filter to CDMA signal.
It is observed that the rejection of the narrow band signals can significantly improve the BER 
performance of the CDMA system and the total capacity of co-existence. However, the 
improvement of the performance of the DS-CDMA can result in some spectral distortion due to 
the notch filter, which destroys the auto-correlation and cross-correlation characteristic of 
spreading code of the signal passing through it. The degree of destruction depends on the 
bandwidth of the notch filter and the performance of the band shar ing depends on the ratio of the 
bandwidth of the notch filter to the bandwidth of the DS- CDMA signal.
It can be observed from figure (4-11) and figure (4-12), that the performance of the CDMA signal 
depends on the power ratio of the CDMA signal to nairow band interference signal, and the 
bandwidth ratio of CDMA signal to the narrowband signal.
For instance, when the power ratio equals -5dB the effect of the narrow band signal on the 
performance of CDMA signal is more significant than power ratio equals OdB. Furthermore, when 
the bandwidth ratio equals 4 the effect of narrow band signal on the performance of CDMA signal
is more significant than bandwidth ratio equals 64 or 32. If our objective for voice call is 10-3
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the required Eb! No = 10.7,11 .land  14 dB for J31 = 64, 32 and 16 respectively and larger values 
for Eb/ No  at both Bl = 8 and 4 in case of the power ratio equals OdB, as shown in figure (4- 
1 1 ).
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Figure 4-11: Performance of CDMA sharing with NB signal without notch Alter
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Figure 4-12: Performance of CDMA sharing with NB signal without notch filter
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However the degradation is more severe in case of increasing the power of the narrow band signal
with respect to the CDMA signal. For instance, if our objective for voice call is 10”^, the 
required Eb!No= \ 2.9dB for B\ =64 and larger values for Eb! No at B\ = 32, 16, 8 and 4 in 
case of power ratio equals -  5 dB, as shown in figure (4-12).
Implementing a notch filter at the CDMA receiver at the locations of the narrow band waveforms 
would minimize the interference to CDMA channels. It is clear from figure (4-13), that the 
rejection of the narrow band signals can significantly improve the BER performance of the 
CDMA system and the total capacity of co-existence compared to figure (4-11) and figure (4-12). 
Further improvement can be achieved by placing narrow band notch filters at the CDMA 
transmitter at the location where the narrowband interferers were located.
I n-iM
-O- Bt-1/16-e-
X — B j O c B ,  G -m . M-Z2
B2-BW.of notch «Bar lo BW.of CDMA n #
EbNodB
Figure 4-13:Performance of CDMA sharing with NB signal with notch filter
As the power ratio of the total DS-CDMA to narrow band signal increases, the BER of the narrow 
band signal degrades, but when the power of the narrow band signal is large enough compared to 
the DS-CDMA signal, we can ignore the effect of the DS-CDMA signal on the BER of the 
narrow band signal.
In the frequency sharing system, the BER of narrowband signal with DS-CDMA signals is given 
by:
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Pe = N + Pt .PG
(4.37)
It can be observed from figure (4-14), that the performance of the narrowband signal depends on 
the power ratio of the CDMA signal to narrow band signal, and the bandwidth ratio of CDMA 
signal to the narrowband signal.
For instance, when the power ratio equals -5dB the performance of the narrow band signal is 
typically close to the performance of narrowband signal without sharing. However, the 
performance degrades with increasing power of CDMA signal with respect to narrowband signal. 
The degradation in the performance is more significant when power ratio increases above lOdB as
shown in figure (4-14). Also figure (4-14) shows that, if the required BER= 10“  ^for voice then 
the required Eb/No= 6.S,1 .SandS.^dB  for power ratio equals —5,5,\0dB  respectively.
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Figure 4-14: Performance of narrowband signal sharing with CDMA
4.6 Summary
The feasibility of CDMA/CDMA spectrum overlapping and CDMA with narrow band system is 
studied for spectrum sharing in the communication systems. The results show the feasibility of 
improving channel capacity and efficiency of the spectrum by overlapping techniques.
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For the case of widened channel bandwidth of the CDMA channel, the overlapping is tested under 
different degrees of channel overlap and different order of filters. The best result shows that at the 
optimum degree of channel overlap; channel capacity increases by up to 21%.
For the case of fixed channel bandwidth, the optimum overlapping between CDMA systems 
depends on the filtering Roll-off factor and can achieve an improvement of the spectrum 
efficiency of up to 13.4%.
It can be observed that the number of naiiowband signal users sharing with a CDMA channel 
depends on the ratio between the bandwidth of CDMA signal to the narrowband signal, and the 
offset of the narrow band signal from the centre frequency of CDMA channel. The best location 
of the narrowband signal to share spectrum with a CDMA system is at the edge of the CDMA 
channel, where interference with each other is minimized. Also we can see that the frequency 
sharing system without notch filtering is interference limited and the BER of the narrowband 
signal performance improves as its power increases, while the BER performance of the DS- 
CDMA signal degrades. Further improvement is possible in the frequency sharing system with 
notch filtering, especially when the power of the narrowband signal is comparatively large with 
respect to the CDMA signal. The BER performance of DS-CDMA signal is significantly 
improved by rejecting narrowband signals.
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Chapter 5
5 Satellite Diversity Gain And Performance 
of LEO Satellite Based CDMA Systems
5.1 Introduction
In present and next generation satellite systems, CDMA has been proposed as the multiple access 
technique for a number of mobile satellite communication systems. To enhance the coverage and 
quality of service (QoS), LEO constellations are usually selected. In this chapter, we analyse the 
performance of the downlink of a LEO satellite channel.
Since DS-CDMA waveforms have a wide bandwidth, whenever the bandwidth exceeds the 
coherence bandwidth of the channel the fading tends to be frequency selective, and a Rake 
receiver can be used to enhance the system performance [94]. CDMA is best thought of as an 
interference sharing system and it requires very tight power control so that no user dominates the 
available power and causes excessive interference to the other users.
As in terrestrial cellular systems, CDMA has also been proposed for LEO satellite systems. 
However in comparison with terrestrial mobile environments, the differential multipath delays are 
much smaller and the propagation delays aie much larger for the satellite link (about 10-20 ms for 
LEO) so that instantaneous closed loop adaptive power control is not feasible due to stability 
issues [95]. Furthermore, since the frequency separation between the up and down links is about 
800 MHz, lack of reciprocity precludes the use of open loop control except for object shadowing. 
This increases the power control error (PCE) and consequently causes degradation in capacity. 
Therefore an open loop CDMA power control scheme is proposed merely to track and 
compensate for large-scale variations caused by shadowing and propagation losses [96].
The downlink channel estimation methods are all reference based due to the existence of the pilot 
channel. The provision of the pilot channel in the downlink makes possible coherent detection at 
the mobile station receiver. Furthermore, it must exploit the dual satellite diversity most of the 
time to improve the performance or reduce the link margin. The effective use of diversity 
techniques can reduce the required power margin, antenna size and transmit power or increase 
system capacity. On the downlink^ the satellite diversity plays a two-fold role. First, it reduces the
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probability of shadowing by increasing the chance of having at least one satellite in a clear LOS. 
In addition, it introduces artificial multipath, which enables the use of a Rake receiver in the 
mobile’s receiver.
During the literature survey, it was found that Monk et al. [96] analysed the effect of PCE on the 
system performance for a single spot beam. In practice, the satellite systems tend to use 
multibeam antennas to increase the spectrum efficiency. The actual performance of the system 
will heavily depend upon the total effects of multiple access interference (MAI) from all users 
seen by the satellite, besides those in the desired spot beam. Furthermore, his analysis did not 
consider countermeasure techniques to mitigate interference and shadowing.
Shee Yao [97] analysis was of the uplink with Rayleigh-lognormal channel and power control 
strategies proposed to reduce the effect of Rayleigh fading. His analysis did not consider the 
various countermeasure techniques to improve the performance of the satellite system.
The novelty of this chapter is that CDMA with satellite diversity, convolutional code with soft 
decision decoding, interleaver and multi-spotbeam antenna are implemented as countermeasures 
to fading, shadowing and MAI in LEO satellite constellation.
This chapter addresses satellite diversity with the effect of PCE for downlink mobile satellite 
systems. Rician and Rayleigh channel statistics are modelled. Performance analysis, with or 
without satellite diversity and forward error correction, is carried out for non-shadowed, 
shadowed conditions with coherent detection, dual satellite diversity, spectrum sharing, and PCE 
and voice utilization factor. Such sophisticated assessments have never before been canied out.
This chapter deals with the bit error rate of a CDMA-based multispot beam LEO system and the 
capacity per spotbeam per carrier of the system. In the analysis, the PCE is considered to be 
Lognormal distributed.
This chapter is organized as follows; types of interference aie described in section 2 and 
propagation environments are described in section 3. Power control error and effects on the 
performance of the system are explained in section 4. Forward E itoi* Correction (FEC) techniques 
and their effect on the performance of the system are described in section 5. Satellite diversity, its 
effect on the performance of the system and use of the Rake receiver are described in section 6. 
The simulation model and simulation results are presented in section 7. Finally, some concluding 
remarks are given in section 8.
5.2 Types of Interference
The type of interference possibly encountered by a system may be categorised into two classes. 
The first class consists of interference with a natural origin. Such interference includes thermal
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noise, atmospheric disturbances and multi-path transmission, to name a few. Man-made 
interference, both deliberate and unintentional comprises the second class. Unintentional 
interference may result from any electrical signal whose main purpose is not the disruption of 
another communication system. On the other hand, deliberate, man-made inteiference is 
intentional, the intent being to cormpt or destroy the reliability and the security of another system. 
Such interference is commonly used by military adversaries for the specific purpose of dismpting 
an unfriendly communication system. Because of this use, deliberate interference is generally 
referred to as electrical jamming.
Recent years have seen a dramatic increase in the number of proposed NGSO-MSS, providing 
low cost global communication for application such as voice, paging, property tracking and store 
and forward data communications. Frequencies below a few GHz are of particular interest 
because of favourable propagation conditions and attractive antenna designs, equipment and other 
existing knowledge enabling the provision of worldwide voice and data communications services 
with a relatively low terminal cost. Spectrum however is at a premium, and empty spectrum is 
almost non-existent. Consequently these systems must coexist with other services both terrestrial 
and satellite, often resulting in the potential for large amounts of inteiference. Simple analysis 
[98] of the Healths AT-n results have provided valuable information, the interference appeal ing to 
have significant structure over industrialised regions of the world, the levels of which can severely 
limit the performance of the narrow band, and power constrained satellite communication 
systems. Interference measurements [99] obtained from HealthsAT-II and S80T microsatellites 
show that level of interference varies with frequency, geographical location and time. Interference 
is not the only degradation in a communication system; thermal noise and other impairments are 
present as well. We often treat them separately, since in general their origins, their characteristics, 
and the tolerance of the system to their effects are all different. Here we are interested in the 
interference in LEOs services in L/ S bands.
The implementation strategy to be considered is to reduce as much as possible the self-noise 
generated by interference between users in the same spot beam and other spot beams reusing a 
common frequency band. The important paiameter here is the ratio C/I between the useful 
received carrier power on a mobile-to-satellite or satellite-to-mobile link and the overall 
contribution at the receiver input of interference power generated by other links. This ratio 
depends on the system characteristics, such as the type of orbits, the number of satellites in the 
constellation, antenna radiation pattern, etc.
The main important pai ameter for the link quality is the carrier-to interference ratio (C/I) in order 
to establish sufficient link margin on the satellite-to-mobile link.
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5.2.1 Interference within a satellite system network
The interference within a satellite system network has three different types of interference that 
have been considered:
5.2.1.1 Interference within the same cell
Interference within the cell is the result of the received or transmit power in the same frequency 
band of many users in the same cell. The effect depends on the type of access employed; this type 
of interference is present when CDMA is employed. For the case of CDMA, the signal spectram 
of different users is spread in the total band and the interference caused by CDMA is the result of 
the supeiposition of all the interfering signals. The frequency band is the same for all users of the 
same channel and the level of interference is going to depend on the number of users in the same 
cell using that channel and the degree of PN code orthogonality.
5.2.1.2 Interference between cells
Interference between cells is the net interference when more than one cell uses the same 
frequency band in a multi-cellular system where frequency reuse has been employed.
As a result the transmitted / received power in a cell spills into the adjacent cells using the same 
frequency band. The technique of frequency reuse consists of allocating to some cells, which are 
not adjacent to each other, the same frequency band. The capacity of the system will be increased 
without having to increase the total band allocated.
For interference calculations, the guard-bands between the adjacent channels are considered to be 
sufficient, so that there will be no interference between cells of different channels. Interference 
between two cells would therefore occur only with frequency reuse [100].
The link budget calculations (for both uplink and downlink) are standard equations, their 
complete derivation can be obtained from any good satellite systems text book [16,129].
Downlink interference
Consider the caiTier signal power (C) received by the user of omni-direction antenna in one cell of 
a multi-beam antenna which for a satellite is given by:
^  = ^PSAT Z (5.1)^ ^FSd
Now consider an interfering signal (/) from the satellite to another user, using the same channel in 
another cell, the power transmitted by the satellite to the wanted user is.
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^ = (PsAT -^(0j  ) ISAT -----  (5.2)^  ^ FSd
Where
* Satellite power
G( j^- : Gain of the satellite in the direction of the wanted user
G{^j ) : Gain of the interfering beam from the satellite in the direction of the
wanted user
P>FSd ' Free space loss between the satellite to the wanted user 
Lq : Atmospheric losses
It can be assumed that the satellite transmitted power towards the wanted and the interfering 
users are equal. Then the resulting signal to interference over the channel bandwidth {Be) being 
considered is:
C = Br.
0 2  jDown
r  \
^(^j)sAT
^^^JhSAT
(5.3)
Up-link interference
The carrier signal power transmitted by a user in one cell of a multi-beam antenna to a satellite is 
given by,
C = ( P „ ) . f ^  (5.4)
- a  ^^FSu
where
Pjj : wanted user power
G(0i )usat • Gain of the wanted user in the direction of the satellite 
Lpsu ' Free space loss between the wanted user to satellite 
An interfering signal of a user using the same channel in another cell is given by.
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Pa ^PpSi (5.5)
where
PjU : interfering user power
G{(pj)isAT ' Gain of the interfering user in the direction of wanted satellite beam
: Free space loss between the interfering user to satellite
For omni-directional antennas used by the mobile users assume P y , Pyj are equal. Then the 
resulting signal to noise over the channel bandwidth being considered is:
o2 Jup
G(.(pj)uSAT 
G {^j) iSAT
(5.6)
Where:
di: distance from the interfering user to the satellite
du\ distance from the wanted user to the satellite
The total signal-to-noise ratio of all the interfering users using the same channel in the adjacent 
cells is:
= IV 0 2  jTotal adjacent +< 0 2  Jifp adjacent^ 0 2  ^Down
(5.7)
5.2.1.3 Inter-satellite Interference
There are two types of interference in the inter-satellite link:
Up-link interference
Up-link interference comes about when a satellite is visible to more than one mobile user or 
station. The desired user or station establishes a link with the satellite and the others visible users 
are considered as a noise. This type of interference is only considered for the up-link. As before, 
consider the carrier signal power received by the user satellite from the wanted user:
PaU^Pu (5.8)
where
5-6
Chapter 5: Satellite diversity gain and peiformance o f LEO satellite-based CDMA systems
Py : Wanted user power
G{^i)ySAT • Gain of the wanted user in the direction of the wanted satellite 
Ly : Free space loss between the wanted user to wanted satellite
L^y  : Atmospheric losses between the wanted satellite and the wanted user
Consider an interfering signal from an interfering visible user, using the same channel or 
frequency band as the wanted user:
(5.9)Pal ^  Pi 
where
Piy : Interfering user power
G{<!>k )iSAT • Gain of the interfering user of other system in the direction of the wanted satellite
Li : free space loss between the interfering user to the wanted satellite
L^j : Atmospheric losses between the interfering user and wanted satellite
In the mobile power PyandPjy are the same, and the mobile users have isotropic antennas, then 
the resulting signal-to-noise ratio is:
JUP
G((l>i)ysAT
G{(pk)iSAT y~-aU J
(5.10)
The total signal to noise ratio of all the interfering visible users to a single user satellite is:
' c ' - ‘ = E
V 02  Jiotalup Noise y^OS Jyp
(5.11)
Downlink interference
Downlink interference comes about when a mobile user or station is visible to more than one 
satellite at the same time. The satellite establishes a link with a user or station and the other visible 
satellite are considered as noise. This type of inteiference is only considered in the downlink. As 
before consider the carrier signal power (C) received by the wanted user from the user satellite is:
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G  -  {PsAT )sAT  )• PaU ‘Pu (5.12)
where
PsAT • Wanted satellite power
G(^i )sat ■ Gain of the wanted satellite in the direction of the wanted user 
L(j : Free space loss between the wanted satellite to the wanted user
: Atmospheric losses between the wanted satellite and the wanted user
Now consider an interfering signal from an interfering visible satellite, using the same channel or 
frequency band as the wanted user:
^ -  ^P*ISAT-G(.0m)lSAT)- 1Pal 'Pi (5.13)
where
PjSAT ’ Interfering satellite power
G{<!>,n)ISAT • Gain of the interfering satellite from other system in the direction of the 
wanted user
L  J : Free space loss between the interfering satellite to wanted user 
L^j : Atmospheric losses between the interfering satellite and wanted user
If the satellite power for both desired ( P s a t  ) nnd interfering user ( P js a t  ) ni's the same, and the 
mobile users have isotropic antennas, the resulting signal-to-noise ratio:
V '  jDown /
SAT
G(<Pm)lSAT
(5.14)
The total signal-to-noise ratio of all the interfering visible satellites to a single user:
= IV 02 jTotalDown Noise f— T‘^^02 ^Down
(5.15)
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5.3 Propagation environments
In order to investigate the benefits of dual satellite diversity, the characteristic of the mobile 
satellite channel must be studied carefully. The propagation channel plays an important role in the 
overall design of a mobile communication system. Shadowing of the LOS signal and multipath 
reception aie the most significant issues of concern to system designers. Satellite mobile link 
quality is determined by the propagation channel characteristics. The propagation channel 
characteristics most significantly depend on the immediate environment surrounding a mobile. 
Signal amplitude variations of the order of several dBs may be experienced mainly due to the 
obstruction of the LOS path between a satellite and a mobile over a relatively short duration of 
time.
Due to the movement of the NGEO satellites, the geometrical pattern of shadowed areas is 
changing with time. Similarly, the movement of the mobile/personal user translates the 
geometrical pattern of shadowed areas into a time series of good and bad channel states. The 
mean duration in the good and bad states depends on the elevation angle, the type of the 
environment and the mobile user speed.
In the downlink, multi-path fading occurs because the received signal does not only contain the 
transmitted signal but also echo signals being reflected from objects in the surrounding 
environments. The received total power of the echoes mainly depends on the type of user 
environments {urban, suburban, rural, etc.) and on the antenna characteristic of the user terminal. 
For low satellite elevation angle the shadowed areas are larger than for high elevation angle. 
There are several channel models that describe the transmission path between a mobile/personal 
user and a GEO or NGEO satellite as mentioned before in chapter 3.
In relatively nanowband modulation systems such as analogue FM modulation, employed by the 
first generation of cellular phone system, the existence of multiple paths causes severe fading. 
With wideband CDMA modulations however, the different paths may be independently received, 
greatly reducing the severity of the multipath fading. Multipath fading is not completely 
eliminated because multipaths, which cannot be independently processed by the demodulator 
occasionally occur. This will result in some fading behaviour.
Diversity is the favoured approach to mitigate fading. There are three major types of diversity 
employed in CDMA systems to greatly improved performance. These are given as frequency, 
time and space. Wideband CDMA offers a form of frequency diversity by spreading the signal 
energy over a wide bandwidth. Time diversity can be obtained by the use of interleaving and error 
correction coding. Space diversity can be achieved by the use of dual satellite diversity.
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5.4 Power control
The main fundamental problem that must be addressed when using CDMA is that of power 
control. For the ideal CDMA system, every transmitted signal will have the same transmitted 
power at the receiver input. It is clear" that the capacity of the system is inversely proportional to 
Eb/No, which is related to the carrier power. In the case of time or frequency orthogonal systems, 
such as TDMA or FDMA, the main purpose of power control is to maintain constant average 
peifoi"mance for all users, to reduce the power consumption of the mobile terminal and the co­
channel interference. In a DS-CDMA system, accurate adaptive power control is critical for a 
good aggregate system performance, since the multiple access users act as interference to each 
other. It is used to minimise the effects of MAI and hence, maximise the capacity. In a real
system, the received signal strength will vary from user to user due to the following factors:
1. Geographical effects due to variations in free space loss;
2. Signal fluctuation due to fading, shadowing and blockage;
3. Changing transmitter power (all HP A ’s will not be the same);
4. Transmitter antenna gain variations as a function of user position (edge of coverage or in 
the centre beam).
To overcome these factors and to equalise as far as possible all signal carrier power at the 
receiving satellite, up path power control at each transmitter must be implemented. Using power 
control, the capacity of the system can be increased by forcing all users to appear at the 
transponder at equal power levels. In the uplink of a DS-CDMA system, the requirement for 
power control is the most serious disadvantage. The power control problem arises because of the 
MAI. All users in the DS-CDMA system transmit the signal by using the same bandwidth at the 
same time and therefore users interfere with each other. Due to the propagation mechanism, the 
signal received by the satellite from a user terminal close to the satellite will be stronger than the 
signal received from another terminal located at the cell boundary. Hence the close user will 
dominate the distant users. Then power control attempts to achieve a constant received mean 
power for each user. Therefore, the performance of the transmitter power control is one of several 
important factors when deciding the capacity of a DS-CDMA system [101]. In the case of non- 
orthogonal CDMA, power control is necessary to minimise the effects of self-interference. Thus 
in any case of a CDMA system, every mobile terminal requires a method of monitoring its power 
flux density at the satellite and adjustable transmitter output power.
In contrast to the uplink, in the downlink all signals propagate through the same channel and thus 
are received by a mobile station with equal power. Therefore, no power control is required to 
eliminate the near-far problem. Power control is, however, required to minimize the interference
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to the other cells and to compensate against interference from other cells. The worst-case situation 
for a mobile station occurs when the mobile station is at the cell edge. However, the interference 
from other cells does not vary very abruptly. Furthermore, power control improves the 
performance of DS-CDMA against fading channels by compensating the fading dips. There are 
some differences in power control consideration between cellular and satellite CDMA. In cellular 
CDMA, the power control is used to combat the near-fai* problem, lognormal shadowing, and 
Rayleigh fading. The near-far problem can be quite serious in cellular" networks if no power 
control is employed. On the other hand, the near-far problem does not exist in a mobile satellite 
CDMA since the propagation paths are almost the same. The effects of path loss due to distance 
are the same for each mobile. However, the Earth station receiver performance is affected by the 
different antenna gain of the satellite from each mobile station because of different pointing angle 
(determined by the mobile location in a beam). Thus the power control in a satellite CDMA 
system must combat the uneven antenna pattern, lognormal shadowing, and Rayleigh fading.
Power control can broadly be divided into open & closed loop, each designed to overcome the 
power variations due to different types of fading. The accuracy with which the up path power is 
controlled is of great importance in a CDMA system for maximising system capacity. This 
accuracy depends on the accuracy with which the PCE can be measured and also the accuracy 
with which the transmitter power can be controlled.
5.4.1 Closed loop power control
Closed loop power control is designed to track the faster variations of the channel. The link 
performance is measured at the receiver station, and then the power control is transmitted back to 
the mobile terminal using the return link. The mobile terminal receives the control information 
and acts accordingly by varying its transmitter power. The closed loop power control techniques 
works very well in the terrestrial system due to small propagation delay (i.e.; very small distance) 
between user and the base station and there is no problem to track fast var iation of the signal 
power. For example, terrestrial UMTS will update the power control 1500 times per second.
However, for satellite systems due to the feedback loop existing between the transmitter and the 
receiver, there will be long Round-Trip Delays (RTDs) associated with the satellite environment 
Table 5-1 [95] shows the round-trip delays for different environments. This significantly limits 
the Power Control Command Rate (PCCR), which in turn reduces the capability of the Closed 
Loop Power Control (CLPC), in tracking the fast fading, which means that the power control 
information that was sent back may be no longer valid. However, the received information is 
relatively accurate even it is old, especially for a slow moving or a stationary user terminal (UT). 
This information can therefore be used in a predictive system to give an estimate for the current 
situation.
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Table 5-1: Round trip delays (UT-SAT-UT)
Altitude (km) Constellation Min.Elv.Angle
(deg.)
Min.RTD
(ms)
Max.RTD
(ms)
780 LEO 8 10 33
w  " ■ 1  " W T
10355 MEG 10 138 192
5.4.2 Open loop control
Open loop power control estimates and compensates power variations due to shadowing and path 
loss. In an open loop power control measurement, a beacon signal transmitted from the satellite 
continuously at a constant level is monitored and the transmitter power control is set according to 
variation in this beacon signal. This signal can also be used to acquire and track the wanted 
signals frequency and code. This method is designed to track slower variations of the received 
signal due to free space loss and shadowing effects through the use of the downlink pilot channel, 
usually transmitted at a few dBs higher than the traffic channel. The major disadvantage of open 
loop power control is the assumption that the up-link and the downlink channel characteristics are 
the same. This clearly is not the case in a fast fading environment (i.e. frequency selective 
effects). It is also important to note that in open loop power control, the adjustment of the 
transmitted MS’s power is entirely controlled by the mobile unit. This could be very costly in the 
case of a faulty mobile station whose transmitted power is at a level much higher than required, 
hence posing as interference on other CDMA users [102].
5.5 Digital communications and coding
Digital satellite communications links commonly use coding techniques to prevent the 
propagation of errors caused by the relatively noisy satellite channel. Although we can achieve the 
required accuracy simply by providing sufficient signal energy, in many cases error-control 
techniques can provide the required performance with less energy especially for limited power 
systems such as satellites.
The coding strategy depends upon the communications service and the nature of the noise of the 
channel. There are several major divisions in error control strategies. Automatic Repeat reQuest 
(ARQ) systems, FEC and hybrids of both of them. Data communications services requiring an 
error free end-to-end link use ARQ techniques to detect the presence of errors and initiate the 
retransmission of data. Real-time applications, such as voice, which can accept occasional errors.
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use FEC techniques in which the code has the ability to detect and conect errors that occur on the 
link. In this thesis only FEC will be considered.
The application of error control coding to digital communication systems is diverse. Since many 
communication systems have limitation on transmitted power, cost savings through the use of 
error-control coding can be dramatic especially when high accuracy is needed. For example, in 
satellite communication systems, the signal received at the destination is very weak and power is 
very expensive. Since, with the aid of error control codes, the message information can be 
recovered correctly, required power can be reduced. In the presence of impulsive noise (such as 
atmospheric noise, fading and shadowing), error control coding can provide reliable 
communication links. In military applications it is often essentially to employ enor control codes 
to protect against intentional enemy interference. Also error control coding is very important in 
computer applications. Moreover, in multiple access systems, suitable error control codes can 
protect against MAI especially in CDMA systems [104].
Because of different characteristics of channels such as the mentioned above, different type of 
coding techniques are required for each. Channel coding can be classified into block codes and 
convolutional codes according to the method of adding redundant bits. In the next section, we will 
look in more detail at convolutional code (channel coding) in digital communication systems.
The choice and the main applications of enor control coding to communications system under 
particular operating conditions are usefully reviewed by [103,105].
5.5.1 Convolutional codes
In modem coded communication systems, convolutional codes are often used. The input to the 
convolutional encoder, called the information sequence, is shifted into and along the shift register 
k bits at a time, and the encoder output sequences are obtained by taking the convolution of the 
information sequence with the generator polynomials of the code. Thus the multiplexer terminal 
uses a process that scans in a serial fashion to transmit encoded sequences over the channel. The 
performance of the convolutional code is determined by two parameters, coding rate {R )  and 
constraint length (K) .  If a convolutional encoder generates n output bits for each k bit input
sequence, the code rate is /î=  ^ .
The constraint length represents the number of n-tuple output that can be affected by a single 
information bit. The error correcting capability of the code is sometimes explained in terms of 
’coding gain’. The goal of the coding gain is to reduce probability of bit error, or to reduce the 
required energy, at the cost of expanding the bandwidth. The coding gain is defined as the 
difference between the required for both uncoded and coded operation at the specified
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error rate. is defined as energy per bit of information to compensate for the bandwidth 
expansion.
A coding gain example is illustrated in Figure (5-1) where a coding gain of approximately 3dB is 
obtained at BER 10”  ^[106].
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Figure 5-1: Coding gain example
In convolutional coding, the encoder processes the incoming data stream continuously. For 
decoding, the Viterbi algorithm is most frequently employed. The Viterbi algorithm exploits the 
trellis representation of a convolutional code, providing a procedure for maximum likelihood 
sequence estimation. The complexity of the Viterbi algorithm confines its application to 
convolutional codes with a constraint length E  not exceeding 11 [105]. Convolutional FEC 
techniques are most successful in a predominantly Gaussian noise environment, such as fixed 
satellite services, with slowly varying conditions between reasonable bounds. If the channel has a 
significant problem of burst errors, the convolutional code must be interleaved otherwise it will 
fail whenever errors occur.
For the convolutional encoder design, we have to select generator polynomials that maximize the 
minimum Hamming distance. The optimum generator polynomials for r = 1/2, K=9 are given by 
[106] :
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G2(a:) = + a: + 1 (5 17)
Convolutional encoding can be represented in octal form as 561 and 753 and minimum free 
distance (djj-gg) is 12 [106]. The main cause of this coding gain difference is the ability of
convolutional codes to use soft decision decoding. The asymptotic coding gain achieved by a 
convolutional code with soft decision decoding over an uncoded BPSK or QPSK system is given 
by [106 ]:
Coding gain <101ogio {R-dy^g) {dB) (5.18)
At the receiving end of the communication circuit, a decision is made on the detected signal over 
a symbol period (0,T) as to which signal was transmitted, on the basis of comparing it to the 
threshold (s). The demodulator converts the set of time-ordered random variables into a code 
sequence and passes it to the decoder. Depending on the way the demodulator output is 
configured, the demodulator’s decision method can be classified as a hard or a soft decision 
method.
Here, we will restrict our attention to a binary modulation system. In the hard decision case, the 
output of the demodulator is quantized into two levels, zero and one, and fed into the decoder. 
The decoder, which uses this demodulator output, is called a hard-decision decoder. The 
demodulator can also be configured to feed the decoder with a quantized value of s (T) greater 
than two levels, or with an unquantized analogue value. If a decoder is fed with the demodulator 
output of quantization level greater than two, the decoder is called a soft-decision decoder.
Figure (5-2) shows an example for both hard decision and soft decision with 8 levels of 
quantization [106]. The idea of sending more information by the demodulator to the decoder, by 
using soft decision method, is recovering the information sequence by the decoder with better 
performance than when only hai*d decision information is available. When the demodulator sends 
hard decision information to the decoder, it sends a single binaiy symbol. On the other hand, 
when the demodulator sends soft-decision information, it sends more bits; for example quantized 
to 8-levels it sends the decoder a 3-bit word.
In effect, sending such a 3-bit word instead of sending a single binary symbol is equivalent to 
sending the decoder a measure of more confidence along with the code symbol. Hence, in Figure 
(5-2), if the decoder sends 111 to the decoder, the decoder can regard the code symbol to be a one 
with very high confidence. However if 100 is sent, the code symbol is regarded to be a one with 
low confidence. Soft decision is better than hard decision for improving coding gain.
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Figure 5-2: Hard and soft decision level
5.5.2 Interleaving
In the LEO satellite communication channel, the fading process causes bursts of errors to appear 
with varying frequency and duration in the received data stream. The selection of very long 
codewords could function as an averaging process in spreading out the effects of the deep fades 
over the rest of the signal. On the other hand, decoder complexity is a function of the code length 
and of the number of errors to be corrected. Both should be minimized if the resulting decoder 
stmcture is to be easily and inexpensively implemented.
Both criteria can be fulfilled using interleaving, which allows for the use of shorter codes and 
achieves the desired averaging effect. The interleaving technique allows for the effective use of 
random error correcting codes over bursty channels. It basically spreads out the effects of deep 
fades upon the code symbols. If the interleaver has sufficient depth, the noise and fading process 
affecting the adjacent codeword symbols will be uncorrelated. Then a memory-less channel model 
can be adopted to describe the error process acting on the symbols within a given codeword.
Interleaving essentially makes the burst error into patterns that typify the AWGN channel. A 
block interleaver formats the encoded data in a rectangular array of m rows and n columns. 
Usually, each row of the array constitutes a code word of length n . The bits are read out column­
wise and transmitted over the channel. At the receiver, the deinterleaver stores the data in the 
same rectangular array format, but it is read out row-wise, one code word at a time. As a result of 
this transmission, a burst of eiTors of length I — m,t is broken into m bursts of length t . Thus, a
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r-error correcting («, A:) code can be combined with an interleaver of degree mto create an 
interleaved (m/i, mfc) block code that can handle bursts of length [106]. According to IS-95 
the perfect interleaver is an array of 24 rows and 16 columns [79].
5.6 Satellite diversity techniques
In hostile propagation environments, the channel will be subject to deep fades at some instant in 
time. The aim of satellite diversity is to reduce the depth of the fades and/or reduce the fade 
duration by supplying the receiver with multiple replicas of the transmitted signal that have 
passed through independently fading channels. A unique capability of direct sequence CDMA is 
to provide path diversity. The wide bandwidth PN modulation allows different propagation paths 
to be separated when the difference in path delays for the various paths exceeds the PN chip 
duration. This is because the PN sequence has essentially zero correlation for time offsets greater 
than one chip time. If two or more paths exist with greater than one chip differential path delay, as 
may be the case with low elevation angle satellites, multiple PN receivers can be employed to 
separately receive the multiple path signals. The number of signal paths that can be received is 
equal to the number of PN receivers {Rake receiver figures) that are used. For Globalstar, a one- 
chip path delay coiTesponds to a differential path distance of 250m. Signals aniving with lai’ger 
than a chip-delay spread will likely also arrive from different directions and will be affected 
differently by obstructions in the immediate vicinity of the UT. Multipaths caused by reflections 
near the UT will typically have much less than 250m of differential length compared to the 
primaiy path and will, therefore, not be accommodated by the fingers on the Rake receiver [107].
Diversity provides two separate and distinct advantages. The first advantage is the classical one. If 
the user has an unobstructed view of both satellites, he receives a strong direct signal component 
from each as well as a diffuse component caused by multiple ground reflections. He therefore 
receives a Rician distributed signal from each satellite and these are substantially independent, 
since the satellite tends to be separated by a reasonable large angle. The maximum ratio 
combining techniques reduces the fluctuations of SNR about it’s average more than the single 
satellite diversity. As a result the satellite power needed to power a link is less for diversity for 
any given performance level.
The second and distinct value of the satellite diversity relates to the fact that the user can have an 
obstructed or blocked view of either of the satellites. Many times blockages is caused by 
obstructions of terrain or buildings in which case attenuation can be 20 or 30dB and more. In a 
system without diversity there is little choice but to drop the call if this obstruction persists for a 
few seconds or more. In a system with diversity where we stop transmitting through the
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obstructed satellite, we need only increase the other satellite power to restore the signal-to-noise 
ratio to the value when both satellites were unblocked.
5.6.1 Rake receiver
In relatively narrowband communication systems, the existence of multipath causes severe fading 
and interference. In wideband CDMA systems, however, the multipath environment can be 
exploited through the Rake receiver architecture, allowing signals arriving at the receiver with 
different propagation delays to be independently received and combined to provide an additional 
gain. This is a unique feature of DS-CDMA referred to as multipath diversity which is essentially 
another space diversity techniques. It is known that if the chip rate 1/Tc (where Tc is the chip 
duration) is higher than the channel coherence bandwidth (B = l/Tj, where Td is the delay spread), 
fading tends to be frequency selective. Because there are many propagation paths with different 
delay times, the transmitted signal components corresponding to these propagation paths arrive at 
the receiver at different times. If Tc is smaller than all of the differences in propagation delay time, 
each of the signal components corresponding to the propagation paths can be resolved and 
combined in the despreading process using Rake receivers. The use of Rake receivers in terrestrial 
suburban and urban environments proves to be very effective due to the sufficient delay spread 
associated with such channels, as shown below in Table (5-2) [96,128].
In the satellite environment, however, delay spreads of less than \QOnsec are generally 
experienced. Hence any CDMA system designed to effectively make use of the spreading to 
resolve the multipath would have to be spreading at least 10 MHz or more. Due to limited 
allocated spectrum to mobile satellite systems this is not possible. Therefore no significant 
multipath diversity gain in satellite systems is expected.
Table 5-2: Delay spread for both terrestrial and satellite environment
Environment Delay spread
Terrestrial Open area 0.3 //sec
Terrestrial Urban area 3 //sec
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In the NGEO service, diversity is achieved by the use of multiple satellites, known as satellite 
diversity. The Downlink channel estimation schemes are all reference based due to the existence 
of the pilot channel. The Downlink channel estimation can be performed on the pilot channel. The 
period of the pilot channel has to be of adequate length in order to provide different addressing 
codes for different Gateway-satellite links. The shorter the period of the code, the shorter the 
acquisition time. On the other hand, the sequence has also to be long enough in order to be able to 
determine the relative delay of one path with respect to the other paths. In fact, the code length 
must be greater than twice the maximum path delay difference.
In order to take advantage of combined satellite diversity in CDMA-based system, each Rake 
finger at the user terminal must carry out independent delay and channel impulse response 
estimation through employment of independent pilot scanners and estimators. Because the 
acquisition time is concerned, it is important to keep the length of the pilot channel’s spreading 
code to a minimum. This implies that the path delay difference at the user temiinal must also be as 
low as possible. It is also important to point out that such a system would introduce an extra delay 
equivalent to the difference in the path delay, which may affect the quality of the service (longer 
end to end delays).
5.6.2 Satellite diversity methods
Satellite diversity can be adopted in S-PCN systems to improve quality and availability of 
services. Loss of service will often be caused by the LOS to a satellite being blocked (e.g. 
buildings, heavy foliage, etc.). Therefore by offering potential visibility to more than one satellite, 
the probability of a good channel not being available to any satellite is reduced. Furthermore 
satellite diversity can be used to achieve an improved quality of service from two poor satellite 
channels (e.g. two satellites shadowed by light foliage), adopting CDMA for use in S-PCN with 
satellite diversity.
Diversity works on the principle that, if the channels are independent, the probability that all 
channels fade below a certain threshold level at the same instant is significantly lower than the 
probability that one channel will fall below the threshold at that instant. Figure (5-3) shows dual 
satellite diversity scenario.
The diversity signals can be processed by a number of methods, this being of varying complexity.
5-19
Chapter 5: Satellite diversity gain and performance o f LEO satellite-based CDMA systems
Figure 5-3: Scenario for dual satellite diversity
5.6.2.1 Switched combining
In this case, one signal is used for reception until it falls below a certain threshold level, at which 
point the reception switches to another signal. The threshold is set according to the mean power 
on each branch. The implementation of the receiver is simple, but this method does not result in 
the highest gain.
5.6.2.2 Selection diversity
In selection diversity, a mobile at any given time communicates only with the satellite from 
which it receives the better signal, based on the measurements of the pilot channel. Such a method 
does not increase the MAI, but also does not offer a possibility of using the Rake receiver. 
Additionally, when the mobile becomes shadowed to the current satellite, it may experience an 
abrupt degradation in performance and the call may be lost before another satellite takes over the 
communication. Both the selection and switched combining have the disadvantage that no use is 
made of the power in the other branches while receiving from the selected branch and also that 
switching between branches takes a finite amount of time; this will reduce quality and availability 
of services.
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S.6.2.3 Combining diversity
In this case, two satellites should illuminate all mobiles at all times. Then, by going into a 
shadowed state with respect to one of the satellites, a mobile may experience some degradation in 
performance, but can still maintain the call until the power control mechanism restores the 
performance level. The most undesirable situation in this case is when the mobile loses LOS with 
the two satellites simultaneously, but this case occurs with a very small probability. A Rake 
receiver in this method can be used at the mobile because the time difference between the times of 
arrival of the signals from the two satellites exceeds the chip duration. This method has two 
techniques.
Equal gain combining {EGC) overcomes the disadvantages of the selection and switched 
combining by adding the signals on each branch after adjustment of the phase so that they can 
sum coherently. The input signal for each demodulator (each finger) is associated with a specific 
path (identified by a specific PN sequence) for a given user. The combiner then adds the 
contribution from different paths to maximize the signal-to-noise ratio. In order to take the 
advantage of the multiple paths corresponding to a given user channel, the demodulator associated 
with each path must first estimate the frequency, phase, timing and delay of the path. Frequency 
corrections are earned out for each path in separate automatic frequency control circuit. The noise 
will not be in phase at the point of summation, so will add non-coherently.
Maximal Ratio Combining (MRC): the received signals are processed in such a way as to 
emphasize the stronger signals and de-emphasize the weaker signal. The demodulator outputs aie 
weighted according to the signal strength and a phase shift is introduced to compensate for the 
phase shift experienced within the channel by each component. The effectiveness of this 
weighting depends on accurate estimation of the channel parameters.
The best gain in service availability can only be achieved if the considered satellite channels are 
independent. Therefore, any dependency between the satellite channels influences the advantage 
of the satellite diversity. The effective correlation of the two channels is highly dependent on the 
elevation angle and azimuth separation of the two satellites with respect to the user and the 
operational environment.
An important consideration that has to be made for exploitation of satellite diversity is the 
availability of an appropriately positioned Earth station, capable of communicating with the same 
satellites as the mobile user. This is mainly due to the following considerations:
1. Links with different earth stations would have different delays. In the case of both 
switched and continuous diversity, this would cause disruption to the user unless 
buffering at each individual Earth station takes place.
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2. Buffering needs to have very high accuracy synchronization.
5.7 Simulation Tools and system model
5.7.1 Simulation Tools
COSSAP
All the blocks of the simulation models are carried out by the Communication Systems 
Simulation and Analysis Package (COSSAP). The COSSAP DSP design environment comprises 
a set of tools to specify, analyse, simulate and implement a design including complex digital 
signal processing and communication systems. The COSSAP tools can be categorized as follows:
• Design Specification
1. The Block Diagram Editor (BDE)
2. Blocks from one of the COSSAP model libraries
3. Blocks written especially for the model
4. Filter design tools
• Simulation and analysis
1. The Stream Driven Simulator (SDS)
2. Utilities to control and display a running simulation
3. A report generator tool
4. A graphical analyser that depicts simulation results 
These tools are described in more detail in [108].
SATIAB
The satellite Laboratory (SatLab) is a computer-aided software laboratory for the modelling and 
simulation of mobile and satellite communication systems. SatLab can use as a stand-alone 
system to design, optimise, visually animate, and analyse mobile, satellite, mobile/satellite, and 
personal communication systems. This system can include satellites and moving vehicles and 
persons (ground, air, and water). We can use the SatLab positioning system to model mobile and 
mobile/satellite systems to analyse and animate the dynamics, visibility, and coverage. The 
package also provides statistics concerning global satellite diversity; spot beam coverage and 
graphical module can provide instantaneous snap shot of constellation coverage area and sub­
satellite track over any specified period. These tools are described in more detail in [109].
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5.7.2 Simulation model
Frequency division is employed by dividing the total available spectrum for down link (2483.5- 
2500MHz) into nominal 1.23MHz bandwidth channels. The PN chip rate is 1.2288 Mc/s exactly 
128 times the peak 9600b/s. Figure (5-4) shows the MC-CDMA.
10 1 1 12
1.23 MHz
■i ► 16.5 MHz bandwidth
Figure 5-4: The available bandwidth in case of band sharing scenario
The advantage of the multi-carrier code division multiple access {MC-CDMA) approach is the 
ability to achieve the same types of system performance that a conventional, single carrier, 
wideband CDMA signal would provide, such as diversity enhancement over a multipath channel; 
however, this is achieved without the need for a contiguous spectral band over which to spread. 
Regarding the overlay, MC-CDMA transmission can be especially attractive, since frequency slots 
occupied by narrowband waveforms can be avoided altogether by simply not transmitting at the 
corresponding carrier frequencies. Figure (5-5) illustrates a general block diagram for simulation 
model.
Source
Encoder
Channel
Encoder Interleaver
PNSeq.
Spreader
MPSK
Mod.
Up- 
Con verier
Comm.
Channel
Source Channel De- MPSK 4-|RakeRX. Down-Encoder Encoder Interleaver M M Con verter
Figure 5-5: Block diagram of simulation model
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5.7.2.1 Factors to be considered
The simulation model includes convolutional-coded QPSK modulation with soft decision 
decoding, and a Rake receiver to combine the resolved multi-path signals has been considered to 
optimise the channel performance. We assume that each cell in the footprint has the same area and 
is illuminated by the main-lobe of a spot-beam. The antenna patterns are arranged so that the 
intersection of adjacent cells is at the -3dB contour. It is assumed that each satellite coverage area 
is divided into J  cells with M simultaneously active users per cell and there are N satellites in the 
constellation.
In order to improve the system performance, a convolutional code with code rate V2, constraint 
length 9 soft decision Viterbi decoding according to IS-95 for traffic channel and perfect 
interleaving is considered. Other very important issues to take into account in the simulation 
model are the presence of MAI and fade margin due to shadowing and fading. The channel 
capacity of a LEO satellite based on a DS-CDMA system is analysed, including the effects of 
faded user interference, PCE, overlapping antenna beams, imperfect equalization of the antenna 
pattern across an antenna cell and diversity reception.
5.7.2.2 Fading considerations in CDMA satellite systems
The open-loop power control algorithm may not be fast enough to track power variations 
associated with Rayleigh fading but is generally assumed to be fast enough to control the 
variations due to path losses and Rician fading. The PCE can be modelled as a lognormal 
distribution. It is also assumed that the channel can be well estimated due to the pilot signal in the 
downlink and PCE is constant over the coded symbols interval.
When the mobile is shadowed, its signal is given a power boost at the transmitter to compensate 
for the fade; when the mobile is not shadowed, we assume LOS transmission (i.e., no fading). 
Also the Rician factor changes between 3 and \OdB according to the elevation angle and azimuth 
separation between satellites.
The average power enhancement due to shadowing is given by:
S = ( \ - B f+ 2 .B X \ - B ) + B ^ .P 2  1219)
Where B is the probability of shadowing, and is the factor that represents the increase of 
satellite transmit power when the mobile is shadowed from both satellites.
The relative delay time between two satellite paths requires an adjustment to be made prior to 
combining the resolved paths by the Rake receiver. Estimating path delays using the pilot channel, 
and accordingly adjusting each aim of the Rake receiver, cairies this out.
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S.7.2.3 Beam overlap
We can divide the total MAI into three parts. The first part includes the interference from the 
desired spot beam. The second part includes the interference due to the users located in the 
adjacent spot beams of the first tiers and the third part comes from those located into the spot 
beams of the second tiers.
Any practical antenna will produce energy spillover from one satellite to another. For 
asynchronous CDMA systems, the beam overlap factor is given by [110];
Where is the number of the adjacent cells with coupling value e q u a l a n d  Jgis the number 
of the next-adjacent cells with coupling value equal ^ 4 . In a satellite system, where interference 
falls off as distance squared, a larger value would be obtained than for a terrestrial system.
For CDMA downlink systems, the desired signal and all interference signals airive at the receiver 
from a single source satellite with the same delay using Pseudo-noise codes that are orthogonal. In 
this case the interference from a user in the same spotbeam is eliminated and the interference is 
only due to beam spillover in this example. The beam overlap factor for an orthogonal code 
system is given as follows;
^00 (5.21)
In the case of more than one satellite providing access to the user from the same system sharing 
the band, it is assumed that the other satellites in the system are asynchronous with respect to the 
user system of interest. If all the satellites in the system have the same beam characteristic, and 
the total interference with ideal antenna is unity, the beam overlap factor becomes:
= 0.5+ / 2 - ® 4  Path diversity
S.7.2.4 Range compensation
Additional interference in a multiple system application results from the inability to equalize the 
antenna gain to path loss ratio over the satellite cell, the ratio of the antenna gain to the path loss is 
given by [1 1 0 ];
^ = (5-23)
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Where g is the gain of the antenna, R is the distance between the satellite and the mobile 
terminal. The maximum value of x  is found near the nadir angle and lower values near' the cell 
edge. There is a range of compensation factor due to the inability to produce an ideal antenna 
pattern over the cell area. If half of the system satellites are physically located close to the user 
satellite of interest, the range of compensation factor is given as follows;
^ ' 4 + ^  (5.24)
An estimation of this factor results from evaluating / ^min ^A^r equalization over the cell
region. Equalization to within 3dB is considered good with a large number of antenna beams. This 
factor is valid for uniform distribution of users, but non-uniform distribution leads to an increase 
in the interference.
5.7.2.5 Voice activity factor
hi a typical full duplex two-way voice conversation, the duty cycle of each voice is approximately 
equals to 35%. It is difficult to exploit the voice activity factor in either FDM A or TDMA systems 
because of the time delay associated with reassigning the channel resources during the speech 
pauses [107]. CDMA is an interference-limited system (i.e. any reduction in the interference will 
increase the capacity of the system). With CDMA, it is possible to reduce the transmission rate 
when there is no speech, and thereby substantially reduce interference to other users. Since the 
level of other user interference directly determines capacity then the capacity is increased and 
average mobile station transmit power requirement is reduced.
The assumed vocoder design uses a 20-ms-frame interval and produces four different data rates, 
which can vary every frame. The foui" rates are 9600,4800,2400and 1200 b/s. The vocoder rate is 
allowed to vary every frame in response to voice activity. When no activity is detected, the rate 
drops to 1200bps. Note that this is superior to simply gating the channel off, as others have 
proposed [107]. Allowing the channel to continue with low data rate will allow the background 
ambience to be preserved. It also allows the system to maintain synchronization in the highly 
dynamic LEO environment. As soon as the speaker begins talking, the rate jumps up to the 
normal data rate, and the vocoder rate will drop in the next frame during pauses or low energy 
speech segments.
The CDMA system automatically reduces transmitter power when lower rate vocoder frames are 
produced. CDMA with a significant percentage of voice users can reduce interference level by 
reducing the voice processing data rate during quiet voice periods. The low data rate voice
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processing during quiet periods reduces the transmit power, and produces proportional reduction 
in the interference. The voice utilization can be estimated as follows;
VA = fii[Pa-\- (1 -  Pa)Rr}^ 1 -  fu
(5.25)
Where, fu  is the fraction of voice users. Pa probability that user is active and Rr is the 
reduction in the data rate.
5.8 Simulation results
The coherent modulation scheme is implemented for mobile satellite communications systems. 
Mobile satellite systems will always be in search of power efficient demodulation/decoding 
techniques. Even 1 dB in power efficiency can result in a substantial capacity increase.
Figure (5-6) to figure (5-8) show the result of the simulation model run for a single user in a cell 
for a Rician channel, without interleaver implemented in the model at this stage.
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Figure 5-6: Performance of dual satellite diversity
Figure (5-6) shows the performance of the system using hard decision decoding. The diversity 
gain is measured at the desired BER= 10”'^  by the difference of between the system with
Rake receiver and without Rake receivers. The diversity gain recorded varies with K factor of the 
Rician channel and the mean value of / N^ of both the channels. The results of dual satellite
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diversity Rician channels in a mobile satellite system have indicated that there is a relationship 
between decreasing BER and increasing K factor of one Rican channel when and K
factor of the other Rician channel are held constant. Also, the diversity gain improves with 
increasing mean value of of both channels. The effect of varying the mean E^ / on
BER over the range of 5dB to 1 IdB for each of the two diversity channels represents the effects 
of varying the location of the mobile within the spot beam of the satellite.
Figure (5-7) illustrates the benefit gain from using soft decision decoding instead of hard decision 
decoding with an improvement of the coding gain of around 2.5dB. From the results, it appears 
that the BER is lower when there is a greater inequality in the Rican factor between the two 
channels especially when E^ / increases.
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Figure 5-7: Performance of dual satellite diversity with soft and hard decision
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Figure 5-8: Performance of dual satellite diversity with MRC and EGC
The simulation model is modified to compare the performance difference between equal gain 
combining (EGC) and maximum ratio combining (MRC) techniques. Figure (5-8) shows the MRC 
technique outperforms the EGC, especially at the largest inequality between the Rician factors of 
the two channels, by approximately l.OdB. In MRC, the received signals are processed in such a 
way as to emphasize the stronger signals and de-emphasize the weaker signal. The weight is 
achieved according to the signal strength on each path.
5.8.1 The diversity gain
After checking the performance of the simulation model for single user per cell, the model is 
modified to implement the real case situation, to include the multiple users per cell and all of the 
other factors, including the PCE and real values of the channel, according to models and 
measurements as mentioned in chapter 3. The model is modified to implement the interleaver 
according to IS-95 for traffic channel. We assume that all sequences within a given spot beam are 
orthogonal, and the Rician factor K is taken to be 3 and lOdB, which are typical values in LEO 
channels [6 8 ], and perfect interleaving is considered. In all cases, BER is plotted against the 
number of users per spot beam per carrier. When just a single signal is available, the system 
performance is shown in Figure (5-9). If we assume the standard deviation of the power control 
error is IdB, and we choose a BER of 10  ^ as our goal, at K=10dB and Eb/No=8 dB, then the 
system can accommodate about M= 24 simultaneous users per spot beam.
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In order to improve the capacity, suppose now that we have a system employing second order 
diversity. Performance results for such a scenario are shown in Figure (5-9). It is now seen that 
approximately 28 users can be accommodated with the same power control as before but at 
Eb/No=6 dB. The diversity gain is more than 2.5dB.
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Figure 5-9: Dual satellite diversity without shadowing
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Figure 5-10: Dual satellite diversity with light shadowing
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In Figure (5-10), the performance without diversity at light shadowing, K=7dB, PCE=ldB and 
Eb/No=9dB, the system can support 20 users at BER=10'^. However, with satellite diversity at 
Eb/No=6 dB and the same conditions as before, the system can support 22 users, and the diversity 
gain is approximately 3.5dB.
In Figure (5-11), the performance without diversity at K=5dB, PCE=ldB and Eb/No=10dB, the 
system can support 16 users at BER=10 \  However, with satellite diversity at Eb/No=6 dB and 
the same conditions as before, the system can support 18 users, and the diversity gain is around 
4.7dB.
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Figure 5-11: Dual satellite diversity with shadowing
In Figure (5-12), the performance without diversity at heavy shadowing, K=3dB, PCE=ldB the 
system can support 10 users and 16 users for Eb/No =9dB and 12dB respectively at BER=1(7'. 
However, with satellite diversity at Eb/No=6 dB and the same conditions as before, the system can 
support 14 users, and the diversity gain is around 5.5dB. This illustrates the reason why 
combining a dominant path with a weak path would be advantageous in an environment where 
both satellites do not have a LOS path to the user terminal.
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Figure 5-12: Dual satellite diversity with heavy shadowing
A system using CDMA allows the cell capacity in areas covered by two or more satellite to 
increase significantly. The capacity increases for two reasons: the satellite constellation based on 
CDMA is limited in capacity by both satellite power and available bandwidth. Increasing the 
number of satellites a mobile terminal sees would, at first glance, appear to increase only the 
interference seen by the mobile. However, when all the mobiles in a region of double coverage 
are taken into consideration, it can be seen that they can be divided between the two satellites. The 
two satellites can produce twice the flux density at the Earth of a single satellite. This 
consideration alone will allow the capacity in a region of double coverage to be increased relative 
to the capacity when only a single satellite is overhead.
The second way in which double coverage can be used to increase capacity is through the use of 
diversity. If signals are transmitted through two satellites that provide double coverage of a 
mobile’s region, the CDMA technology allows the mobile to receive both signals and perform 
coherent diversity combining of the two sets of signals. This provides path diversity, which allows 
the link margin to reduce the mobile’s use of available downlink power. This will allow additional 
mobiles to use the system, raising the capacity.
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5.8.2 The effect of power control and voice activity factor
Figure (5-13) shows the effect of the PCE with a voice activity factor (VAF) of 0.5. It is obvious 
that satellite diversity with perfect power control improves the performance significantly. For 
example, at K=10dB, PCE=OdB and Eb/No=8 dB, the system can support 34 users at BER=10'^ 
and at K=7dB the system can support 24 users. Even for K=3dB the system can support 16 users 
at BER=10'^. For imperfect power control, the capacity of the system per spot beam per carrier 
with PCE=3dB reduces by approximately 50% compared to perfect power control and the 
shadowed user is very sensitive to the PCE compared to the un-shadowed user. For instance. Fig. 
(5-13) shows that when K equals 3,7,10dB the capacity of the system per spot beam per carrier 
equals 8,12 and 16 users respectively at PCE=3dB.
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Figure 5-13: The effect of power control error on the performance
Fig. (5-14) shows the effect of the VAF for PCE=ldB and uneven antenna pattern. For voice 
activity factor equal to 0.5, the capacity of the system per spot beam per carrier increases 
significantly. When Rician factor (A3 equals lOdB the capacity of the system per spot beam per 
carrier without voice activity factor equals 19 users, but with voice activity factor the capacity of 
the system per spot beam per carrier equals 32 users. At the same condition, but for Rician factor 
(A) equals 7dB the capacity of the system per spot beam per carrier without voice activity factor 
equals 13 users, but with voice activity factor the capacity of the system per spot beam per carrier 
equals 20 users. Also for Rician factor (A) equals 3dB the capacity of the system per spot beam 
per carrier without voice activity factor equals 9 users, but with voice activity factor the capacity 
of the system per spot beam per carrier equals 14 users. It is clear that the capacity of the system
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per spot beam per carrier increases by approximately 60% compared to the system without voice 
activity detection.
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Figure 5-14: Performance with voice activity factor
5.9 Summary
In this chapter, a performance analysis has been carried out in terms of BER for the downlink of a 
DS-CDMA mobile satellite system working at L/S-band and adopting LEO satellites. Results of 
simulation show that satellite diversity has a significant effect on the system performance. We 
find that the system performance is highly sensitive to the PCE, especially when the user is 
shadowed. For a single satellite visibility, there is a difference in performance for mobile users, 
depending on the mobile’s location within the area of coverage. Specifically, a mobile at the edge 
of the coverage area suffers a significant performance loss relative to the mobile in the middle of 
the coverage area. Hence a larger power control amplification factor (to compensate shadowing) 
should be used, as mobiles are located further away from the centre of the coverage. This results 
in an increase in excess MAI and, thus, in a reduction of capacity. Therefore, in order to increase 
the system capacity further, or to support the users suffering more serious PCE due to shadowing, 
satellite path diversity reception must be employed. This requires that at least two satellites 
should illuminate all users at all times.
Our results shown that MRC offers a higher performance than EGC by approximately l.OdB. 
Satellite diversity with soft decision decoding achieves an improvement in diversity gain 
compared to hard decision up to 2.5dB. Satellite diversity gain achieves an improvement up to
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6 dB with soft decision decoding compared to single satellite visibility. For higher Rician channel 
factor, much of the satellite diversity gain disappears.
Also our results shown that the power control error (PCE) has a negative effect on the capacity of 
the system. For imperfect power control, the capacity of the system per spot beam per carrier with 
PCE=3dB reduces by approximately 50% compared to perfect power control and the shadowed 
user is very sensitive to the PCE compared to the un-shadowed user. Further improvement of the 
system performance can be achieved by taking into account the voice utilization factor, which 
reduces the interference and increases capacity by approximately 60%.
Also, our results have shown that while DS-CDMA is a viable multiple access techniques for 
LEO operations, the nature of the satellite channel makes it a less inviting choice than for a 
terrestrial system. In particular, if sophisticated channel coding techniques and sufficient 
interleaving can be employed, if dual satellite diversity is used, and if a power control system can 
be implemented so that the standard deviation of the power control error is less than or equal 
L5dB, DS-CDMA will result in good performance. If any of these design conditions are 
noticeably violated, significant degradation can result.
5-35
Chapter 6: Multiple satellite CDMA systems sharing the same frequency band
Chapter 6
6 Multiple Satellite CDMA Systems Sharing 
The Same Frequency Band
6.1 Introduction
In the present and next generation satellite systems, the implementation of frequency reuse and 
the adoption of very efficient multiple access techniques are largely beneficial to maximize 
spectrum efficiency. To this aim also new technologies in the field of multi-beam antennas and on 
board processing are greatly considered [111]. The crucial point is that these techniques may often 
introduce and increment interference so that, while traditional satellite systems have been 
essentially power limited, the new generation satellite systems become also interference limited.
The trend for satellite system architectures aiming at providing personal mobile services seems to 
be the deployment of multi-satellite constellations in NGEO orbits as they can enable the 
terminals to be really small, low cost and with low power demand because of the limited distance 
from the Earth compared to GEO satellite.
The radio frequency spectrum is a scarce resource and the utilization of this band is already very 
high, with this band used extensively throughout the world by terrestrial and land mobile services. 
As free spectmm is non-existent, new systems wishing to operate in this band must share the 
spectmm with the others. Frequency sharing between NGEO satellite constellations is a novel 
problem. Innovative solutions are required if the NGEO satellite systems services aie to adapt to 
the communications environment in the allocated bands and provide a useful, viable and reliable 
service. It has been suggested that multiple satellite constellations using CDMA can co-exist in 
the same frequency band. This would allow a greater allocation of bandwidth to each system, at 
the expense of increased MAI.
Without any coordination among multiple systems, the external interference between them cannot 
be controlled. The performance of the multiple systems will be degraded due to the sharing 
between of them. Each system must control the transmitted carrier power to decrease the external 
interference among multiple systems.
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During a literature survey, it was found that no study has been made before to execute this 
assessment and to estimate the performance of satellite constellation systems based on CDMA 
shaiing the same frequency band or to find how many constellations can share a band.
In this chapter, we study the feasibility of multiple satellite constellations using CDMA systems 
sharing the spectrum in the presence of satellite diversity, voice activity detection, error conection 
coding with interleaving, multiple beam antennas with frequency reuse and imperfect power 
control for downlink. We compare the total capacity when k systems share the band with the 
capacity of a single system using the same band. This comparison is made for the downlink under 
various conditions of degree of shadowing and power limitation.
A simulation model is presented where the PCE is considered to be Lognormal distributed and the 
channel is assumed to be a Rician-Rayleigh model.
This chapter is organized as follows. Limitations and requirements are described in section 2. The 
spot beam antenna coverage, spot beam gain characteristics and the configurations of the spot 
beam as well as frequency reuse aie described in section 3 to show the improvement in the 
frequency spectrum. The downlink analysis is described in section 4 and simulation model is 
described in section 5. Simulation results and discussion are presented in section 6 . Finally, some 
concluding remarks are given in section 7.
6.2 Limitation and requirement
Current trends in mobile radio are towards universal services. In order to provide universal 
service, satellite communication systems are designed to cooperate with existing cellular systems 
to provide mobile radio services where conventional terrestrial systems are not economically 
feasible. There are some limitations that affect the performance of the system such as radio 
frequency spectrum, propagation channel, dynamic movement of the satellite in NGEO and other 
physical constraints.
The propagation channel characteristics most significantly depend on the immediate environment 
surrounding a mobile and a reduction of the order of several dBs may be experienced mainly due 
to the obstruction of the LOS path between a satellite and a mobile over a relatively short duration 
of time.
Due to the movement, of the NGEO satellites and the mobile/personal user, the geometrical 
pattern of shadowed areas is changing with time and translates it into a time series of good and 
bad channel states. The mean duration in the good and bad state, respectively, depends on the 
elevation angle, the type of the environment and the mobile user speed. The existence of multi­
6-2
Chapter 6: Multiple satellite CDMA systems sharing the same frequency band___________________________
path causes severe fading, shadowing and interference especially, for narrow-band 
communication systems.
Moreover, due to the low altitudes, a satellite’s orbital period is only a few hours and visibility 
time is only several minutes. The limitation of coverage on Earth for each satellite requires a large 
number of satellites to provide universal coverage and frequent handovers compared to 
conventional GEO systems. In addition to, there is a power limitation due to either limited 
satellite transmitting power or a regulation on the maximum allowable power flux density on the 
Earth’s surface.
Furthermore, when the beam width of the satellite is large, coverage area and satellite visibility 
time from a given terminal increase. However the antenna gain reduces and the link peiformance 
decreases (link capacity or bit error rate). Moreover, the minimum elevation angle becomes 
smaller and the attenuation can be quite large. On the other hand decreasing the beam width 
means reducing the duration of the visibility of a given satellite and increasing the number of 
satellites requires for achieving the desired system availability.
Due to these limitations, there are some requirements to overcome these limitations and improve 
the performance of the system. These include diversity, coding, multi-beam antenna with 
frequency reuse and voice activity factor. Diversity is the favoured approach to mitigate fading 
and shadowing. There are three major types of diversity employed in CDMA system to greatly 
improved performance, namely frequency, time and space. Different types of diversity were 
mentioned before in chapters 4 and 5. Multi-beam antennas provide an increased gain to the 
mobile terminal and achieve frequency reuse, which improves the spectrum efficiency of the 
system and increases the overall capacity of the system. Both of these points will be explained in 
more detail below.
6.3 Spot beam antenna and frequency reuse
The gain of the mobile receiver is severely limited due to the size of the mobile terminal and 
omni-directional antenna. Due to the scarce spectrum available, frequency reuse must be 
employed in order to increase the capacity of the system and improve the spectrum efficiency. 
Most of the systems have been designed and propose to provide satellite spot beams. In LEO 
satellite systems, which are designed for personal communications with hand-held terminals as 
well as the communications of satellites with large gateway stations, it is preferable to have small 
areas within the footprint of each satellite. Many big-LEO satellite system proposals consider 
partitioning the footprint of the satellites into small areas, called cells, by very sharp spot-beam 
antennas on spacecraft. This is the concept of the multi-cell LEO satellite that can reuse spectrum 
in sufficiently separated cells to improve bandwidth efficiency. Another advantage is that by
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dividing a wide service area into small cells, the radio frequency (RF) power of the users can be 
reduced due to the concentration of power into smaller areas, equivalent to higher satellite antenna 
gain. With the power concentrated in small cells, the requirements on the variance in power of the 
user transmitters (which should be changed according to the location of user) can be more limited. 
With multiple spot beam antennas, the power is reduced approximately by the number of cells in 
each satellite footprint. The issue of having lower power transmission is a key issue for realizing a 
global PCN with hand-held terminals.
The use of spot beams allows satellite resources (power and bandwidth) to be focused on the areas 
where they are required, instead of being dispersed uniformly and wastefully over the entire 
satellite coverage area (global coverage). The higher figure of merit (G/T) of the more directive 
satellite spot beam antenna permits a lower mobile unit (EIRP) that is an important factor for 
operation to small or handheld mobile units [16].
S-PCN constellations implement multi-beam antennas to provide an increased gain to the mobile 
terminal and the whole frequency bandwidth can be reused in all the spot beams of the satellite 
coverage by using CDMA. This will improve the spectrum efficiency of the system and increase 
the overall capacity of the system [2 ],
The gains which are brought by the use of the spot beams aie at the expense of satellite mass and 
complexity, they are also accompanied by an increase in network signalling which is required to 
maintain the service link while users are being passed between adjacent spot beams. There are 
greater limitations on the mass of the NGEO satellite payloads, compared with GEO, due to the 
fact that many more satellites are required to form the network and consequently the multiple 
simultaneous launch strategy which is used to reduce the costs implies that the satellite must be 
smaller and lighter.
Spot beams also allow satellite-motion induced Doppler compensation to be applied to individual 
beams, since the velocity vector of the spot beam centres is known. With a low-altitude orbit, the 
Doppler dispersion across the coverage area can be very large. The smaller footprint of the spot 
beam antenna means that there can be a reduced frequency dispersion due to satellite Doppler 
shift across the spot beam footprint compared with an antenna covering the entire satellite visible 
area [107].
6.3.1 Spot beam antenna
The same antenna produces several separated beams by implementing a corresponding number of 
feed horns close to the focus of the reflector. Each horn is fed by different signals originating 
from distinct transmitters (or receivers). As there is no phase coherence, waves do not combine 
altogether and beams are aimed at Earth at different locations depending on the relative
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hom/focus geometry. If the distance between beams is large enough, the same frequency can be 
reused. Additional isolation can be gained through orthogonal polarizations. Different frequencies 
must be used if several beams overlap one another. Distant stations can be linked using separate 
beams and each beam benefits from high antenna gain as a result of small half power beam width. 
The maximum gain at the boresight and the half power beam width is given by [16]:
^max “  (4 ^ /^  — V •
= 7 0 ^  (degree)
TTD (6.1)
(6 .2) 
Where
À. : The wavelength of the signal 
D: diameter of the antenna
: The effective area of the antenna 
77 : The efficiency of the antenna
The satellite antenna gain is inversely proportional to the square of the angular beam width and 
the area covered by one beam depends linearly with the square of the beam width. Hence by 
increasing by N, the number of the beams serving a given geographical area, the satellite antenna 
gain is multiplied by N. When reflector type antennas are used, for a given carrier frequency the 
reduced HPBW coiTesponds to an increase in the size of the antenna as shown in equation (6-2). 
But, it is also possible to design a large number of spot beams without any antenna size penalty 
(except spacing of the radiation elements) through the use of active phased airay antennas (e.g. 
Globalstar provides 16 active beams) [40].
A phased array antenna consists of multiple antenna configurations in which the phase and 
amplitude to each antenna is sepaiately adjusted. Active phased array antennas incorporate multi­
beam functionality in a veiy small space. Such phased array antennas depend upon the use of 
highly efficient and uniform monolithic microwave integrated circuit that maximize figure of 
merit (G/T), as well as high EIRP. The phased array offers improvement in the link mai'gin and 
also additional rejection of CCI.
Since a frequency reuse factor equal to one is usually considered, the interference coming from 
adjacent spot beams should also be incoiporated. Multi-spot beam payloads mitigate interference 
from adjacent spot beams due to the spatial discrimination provided by the satellite antenna.
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When synchronous CDMA is considered, the intra-spot beam interference is lowered by the low 
cross-correlation properties of the codes. However, the inter-spot beam interference is 
asynchronous.
6.3.2 Spot beam antenna coverage
The size of the coverage area, or footprint, of a satellite depends on the half-power beamwidth 
(HPBW) of the antennas that are deployed, together with the altitude of the satellite. The footprint 
of each satellite is made up of several spot beams aiTanged such that any user terminal within the 
footprint coverage is subject to a minimum satellite antenna gain of 3dB below maximum antenna 
gain. The beam diameter (^  ) of the satellite depends on the altitude of satellite {h) and the
HPBW ( ^ 3 ^ 5  ) and is given by this formula [5]:
d = 2 .h . t a n ^ ^  (6,3)
There are two approaches for NGEO satellite coverage:
1. Satellite-fixed coverage comprises an array of spot beams, which may have different 
beam widths and gains, arranged within total satellite coverage area such that their 
projection onto the Earth’s surface is overlapped within the satellite footprint. The 
characteristics of this technique are peculiar to a satellite system.
2. Earth-fixed coverage comprises a set of cells on the Earth’s surface and causes the spot 
beams of the satellite passing over the area to be fixed on those areas throughout the 
period of connectivity. The main aim of the Earth-fixed coverage beam techniques is to 
present user terminals with a similar coverage to terrestrial system, the spot beams are 
static with respect to users and therefore the mobility management task is similar to 
terrestrial systems. Also, the radio resource management, which involves the allocation 
of radio spectrum to each cell, can be carried out on a geographic basis, like a terrestrial 
system. Furthermore, inter-spot beam handover is eliminated due to the fact that a single 
beam can illuminate a particular area for the whole connection period. But there is a need 
for extra functionality and complexity to support this technique while the inter-satellite 
handover takes place.
6.3.3 Spot beam gain characteristic
An antenna gain profile is shown in Figure (6-1) [16], it comprises a sinusoidal main-lobe and 
several side-lobes. The main lobe has maximum gain at the boresight equal to G^ax^B; the 
isolation between the main lobe and the side lobes must be kept above a maximum. The 3 dB gain
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beam width is illustrated and the coverage zone described the area of the spot beam between 3 dB 
points is confined between — \f/ and y / .
Gmax
G max - 3dB SdB
V
Figure 6-1: Characteristic of the antenna heam pattern
In satellite systems with spot beams, the interference power is determined by the characteristics of 
the spot beam antenna. The spot beam antenna is typically a tapered-aperture antenna. 
Alternatively, the antenna main lobe can be approximated by a Gaussian characteristic, with a 
quadratic decrease of antenna gain (in dB) [113].
Another parameter determining interference is the definition of spot beam contour. Usually, the 
spot beam contour is defined by a 3dB decrease of antenna gain. Higher beam isolation leading to 
less interference can be achieved by choosing a larger gain decrease at spot beam contour 
(increasing antenna diameter), or the number of the spot beams has to be reduced.
For synchronous CDMA, user signals within a given cell (own cell) may be orthogonal, 
producing neglectable interference. However, users in other cells normally use different code 
families and therefore are non-orthogonal with regard to the own cell.
6.3.4 Honeycomb antenna array
The shape of the spot beam antenna projections determines the arrangement and number of spot 
beams required to fulfil that requirement. The honeycomb spot beam arrangement was adopted 
from the present and proposed S-PCN because it occupies the satellite footprint with a minimum 
number of circular spot beams. The coverage area of the satellite comprises a number of tiers 
surrounding a central beam. This technique is similar to the terrestrial cellular system that is
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constructed from circles centred on regular hexagons as shown in Figure (6-2). The difference 
with a satellite system is that the array of beams is bounded by the limits of the satellite footprint.
rm ax
4 .rm in
rm ax
Coverage area of satellite with 19 spotbeam
Figure 6-2: Example for coverage area of satellite by 19 spot beams
The HPBW of the spot beams can be calculated using the HPBW of the global beam. As shown 
in Figure (6-2) rmax is the edge of coverage angle for the spot beam and is equal to
( ^ ^ j —). The HPBW of the spot beams is slightly less than a third of global beam due to overlap
of the spot beams. The maximum number of beams in the array can be calculated from the 
following formula [5]:
(6.4)
Where n is the number of surrounding tiers.
An equivalent formula for calculating the number of beams depending on the Earth view angle 
and the HPBW is given by [41]:
J = (j) +(l-%).#3dg
X . S
(6.5)
MB
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Where
^ : Earth view angle in degree.
X : Overlap factor
The beam overlap factor is defined as the ratio between the average satellite antenna gain over a 
given interfering beam and the average satellite antenna gain over the beam of interest.
The selection of the number of spot beams is governed by the gain required by the satellite in 
order to close the link margin to the mobile terminal. Due to the variation in distance from the 
satellite to areas in its coverage area, the size and the shape of the spot beams with equal beam 
widths become distorted when projected on the Earth.
There are two configurations of the spot beam, direct projection of the unshaped symmetrical 
beams onto the Earth and the shaped beams to compensate for the distortion of the spherical 
Earth.
6.3.4.1 Earth distorted spot beams
Earth-distorted spot beams are conical when first projected by the satellite antenna array. Their 
projection onto the Earth’s sphere causes the projected area to become oval in shape, an effect that 
increases with the displacement from the satellite-Earth centre axis. Using unshaped spot beams 
increases the resulting coverage of the spot beam array and this will result in greater interference 
level between adjacent satellites. It is possible to reduce the beam width of the outer beams in 
order to reduce the size of the resultant projections and hence reduce the interference level but this 
would cause gaps between beams in the outer tiers. An increase of the number of beams in the 
outer tiers with a reduction in size will fill the gaps but this means an increase in satellite mass 
and complexity.
6.3.4.2 Shaped circular beam projection
This technique results from the implementation of shaped beams, which project circular areas 
onto the Eaith’s surface.
In order to reduce the effects of distortion from the Earth’s surfaces, the gain of the profile of all 
spot beams produced at the satellite (except the centre beam) must be shaped to pre-compensate 
for the curvature of the Earth, such that the resultant projection of the main lobe becomes a circle. 
The shape of each beam’s gain profile at the satellite will depend on its position within the array 
and the tier in which it is placed. This model is flexible as it allows for a variation of the number 
of beams by variation of the number of tiers arranged around the centre beam.
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6.3.5 Mobile terminal antenna
The mobile terminal antenna is a crucial part of the communication link since in NGEO satellite 
systems the direction and elevation angle of a satellite is constantly varying due to the dynamic 
movement of the satellite, the user orientation and the user velocity. To ensure that constant gain 
is directed towards the satellites whatever the direction; user terminals employ near-omni- 
directional antennas mounted directly into the handheld units. Such antennas, which are passive 
devices, offer only a very low antenna gain, in the region of 0 dB. Therefore, the omni-directional 
antenna of the mobile terminal must have shaped radiation pattern and must achieved the 
requirement of the S-PCN. This antenna must have small size, wide beam width and circular 
polarization. In addition, it must be possible to operate with cellular terrestrial systems (dual 
capability).
All of these requirements can be achieved by Quadrifilar helix antennas. Figure (6-3) illustrates 
the gain radiation pattern of a quadrifilar helix antenna [112]. It is clear that the antenna maintain
0 dB gain for 75^ off-axis and the 3dB beam width is approximately 155^ .
Figure 6-3: Radiation pattern of onmi-directional mobile terminal antenna
6 - 1 0
Chapter 6: Multiple satellite CDMA systems sharing the same frequency band______________________
6.3.6 Frequency reuse
Frequency re-use factor is defined as the number of times that the bandwidth is used, in such a 
way as to increase the total capacity of the network without increasing the allocated bandwidth. 
There are three methods of using frequency reuse.
1. Orthogonal polarization, in this case the bandwidth of the channel can be re-used once 
only.
2. Angular separation, the bandwidth of the channel can be re-used for as many beams as the 
permissible interference level allows.
3. Combination of both of 1 and 2.
In theory a multi-beam satellite with M beams and bandwidth (B) is allocated on a basis of 
combining re-use by angular separation and by orthogonal polarization. Within each beam, there 
is therefore a frequency reuse factor of 2M. This signifies that it can claim the capacity, which 
would be offered by a single beam satellite with single polarization using a bandwidth of 2M X B. 
In practice the frequency re-use factor depends on the configuration of the service area of the 
satellite provides, which determines the coverage. If the service area consists of several widely 
separated regions, the angular separation of the beams can be sufficient to permit re-use of the 
same band in all beams. The frequency re-use factor can then attain the theoretical value of 2M.
Another type of coverage, more appropriate to regions with a more homogeneous population 
distribution is to have the beams contiguous and to divide the allocated bandwidth into a number 
of equal separate sub-bands (say three sub-bands). Each of these sub-bands (1,2 and 3) is used in 
beams with sufficient angular separation from each other. The equivalent bandwidth, in the 
absence of reuse by orthogonal polarization, has a value 6.3B for M =19 beams. The frequency 
reuse factor is then 6.3.
In CDMA, the wideband channel is reused in every cell [114], The total interference at the cell 
site to a given mobile station is comprised from interference of other mobile stations in the same 
cell plus the interference from mobile stations in the neighbouring cells. The contribution of the 
neighbouring cells is equal to approximately half the interference due to the mobile stations in the 
same cell. The frequency reuse efficiency of omni-directional cells is the ratio of interference 
from mobile stations within the same cell to the total interference from all cells, or about 65%. 
Each cell in the first tier contributes about 6% of the total interference so the entire first tier 
contributes an average of 6 times 6%. Cells in the second and higher tier contribute typically 3% 
[115]. The total MAI for the satellite system is greater than this value.
The disadvantage of the multi-beam satellite system is the interference generation between beams. 
The effect of the interference appears as an increase of thermal noise under the same conditions as
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interference noise between systems. Taking account of the multiplicity of sources of interference, 
which become more numerous as the number of beams increases, relatively low values of 
(C/No) j may be achieved, and the contribution of this term impairs the performance terms of 
(C/No) j. of the total link.
6.4 Down link analysis
We are interested in determining the feasibility of having multiple service providers share the 
same spectrum in a mobile communication scenario. To accomplish this, we compare the total 
capacity when K systems are operational in LEGS, each employing CDMA, to that when only a 
single system uses the frequency band. We analyse the performance of the downlink of a LEO 
mobile satellite channel. For the downlink, there is a power limitation due to either limited 
satellite transmitting power or a regulation on the maximum allowable power flux density on the 
Earth’s surface produced by a single satellite (-142dBW/m^ /4KHz).
The maximum capacities of both single system and multiple systems are functions of a number of 
parameters, among which are the amount of transmit power and the degree of shadowing. When 
the received signal of the shadowed user is boosted to equalize the effect of shadowing and fading 
due to the surrounding environment, it may propagate toward other users belonging to other 
systems without any obstruction and increasing the MAI. This effect leads to a loss of capacity.
The downlink in mobile satellite communications is different from its terrestrial counterpart in 
that:
1. There is a power flux density limit on the Earth of the surface, which constrains the 
amount of the maximum allowable transmitted power from the satellite.
2. All signals from a given satellite fade simultaneously and experience the same fading as 
seen by any given mobile, while in a terrestrial system the fading is identical only for 
signals belonging to the same base station.
The performance degradation due to fading on the downlink will be smaller than on the uplink, 
where fading of the desired signal and the interference in a given satellite are independent. In a 
downlink, orthogonal spreading is employed to reduce the amount of the total MAI. In a satellite 
system, it is possible to maintain the orthogonality among all signals belonging to the same 
satellite, due to the same propagation delay of all the signals to any mobile of interest. The degree 
of orthogonality depends on the amount of available bandwidth, system design, and 
communication channel parameters. The MAI from adjacent beams of the same satellite will have 
some finite value and this value depends on the position of the user in the spot beam. One would 
expect a difference in performance between mobile users in the middle of the satellite’s beam
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coverage area, which receive virtually all MAI from the satellite of interest, and those located at 
the edge of the coverage.
6.5 Simulation model
The simulation model includes convolutional-coded QPSK modulation with soft decision 
decoding, and a Rake receiver to combine the resolved multi-path signal has been considered to 
optimise the channel performance. It is assumed that each satellite coverage aiea is divided into J 
cells with K simultaneously active users per cell and there are M satellites in the constellation. We 
assume that each cell in the footprint has the same area and is illuminated by the main-lobe of a 
spot-beam. In order to improve the system performance, the convolutional code with code rate Vz, 
constraint length 9, soft decision Viterbi decoding (according to IS-95) and perfect interleaving is 
considered. It is also assumed that the channel can be well estimated due to the pilot signal in the 
downlink, and that power control error is constant over the coded symbols interval. When the 
mobile is shadowed, its signal is given a power boost to compensate for the fade; when the mobile 
is not shadowed, we assume LOS transmission (i.e., no fading).
For N satellite diversity systems sharing the band, it is assumed that the other N-l satellites in the 
system are asynchronous with respect to the user system of interest. If all satellites have the same 
beam characteristics, and the total interference with ideal antenna is unity, the beam overlap factor 
becomes as follows:
^on -  )+ 2^2
bo4 =
No diversity
Path diversity
(6.6)
(6.7)
The carrier power, the interference power from the same spot beam, the interference power from 
the other spot-beams and interference power from other satellites aie considered. The total 
interfering signal power is the sum of the powers from internal and external interference received 
from all visible satellite spot-beams to a mobile terminal of interest. The combined carrier to 
interference level is given by the formula:
C
I M TV Mz
^\in ^  ^  ^  ^  1^^2j=I xl=l
N
1 1n=\ x2=l
(6.8)
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Where
: Interference from the same spot beam 
/ 2 m • Interference from the adjacent spot beam in the same constellation
^3out' Interference from the adjacent spot beam from the other constellations sharing the 
same band
The worst-case scenario would be when the user is at the edge of the coverage with minimum 
elevation angle.
6.6 Simulation results
In this section, simulation results are presented for the performance of multiple satellite based DS- 
CDMA systems, operating over a LEO channel, with satellite diversity in the presence of power 
control errors and voice activity factor.
We assume that all sequences within a given spot beam are orthogonal. The probability of 
shadowed user (B) to a satellite has different values (0.0, 0.2, 0.4, 0.6) and the coiresponding 
Rician factor K is taken to be (12dB, lOdB, 8dB, 6dB) respectively. The standard deviation of the 
power control eiTor is 0.5dB, the processing gain is PG=64, defined as the number of chips per 
coded symbol, and perfect interleaving is considered. In all figures, BER is plotted against the 
number of users per spot beam per carrier.
6.6.1 Effect of shadowing
Our results have shown that increase of the total number of users per spot beam, in case of two 
systems sharing the same spectrum, with respect to single system is more significant compared to 
the increasing of the total number of users per spot beam from two systems to three systems or 
four systems. The reason is that increasing the number of systems sharing the same band increases 
the MAI between the systems and hence reduces the improvement of the total capacity of the 
multiple access systems.
For example; if we assume no voice activity factor is available and we choose a BER of 10'  ^as 
our goal and Eb/No=8dB, then with no shadowing (B=0.0) the system performance is shown in 
Fig, (6-4). The single and the two satellite systems can accommodate about Ml= 27, M2= 31(i.e., 
15 users for each one) simultaneous users respectively. The three and the four satellite systems 
can accommodate total capacity about M3= 32(i.e., 11 users for each one) and M4= 33(i.e.; 8 
users for each one) simultaneous users respectively. If we take a single system as a reference for
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comparison with respect to two, three and four satellite systems. The capacity improvement is 
14.8%, 18.5% and 22.2% respectively.
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Figure 6-4: Performance with no shadowing
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Figure 6-5: Performance with shadowing equals 0.2
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With shadowing (B=0.2), the system performance is shown in Fig. (6-5). The single and the two 
satellite systems can accommodate about Ml= 22, M2= 27(i.e., 13 users for each one) 
simultaneous users per spot beam respectively. The three and the four satellite systems can 
accommodate total capacity about M3= 29(i.e., 10 users for each one) and M4= 31(i.e.; 8 users for 
each one) simultaneous users respectively. The capacity improvement is 22.7%, 31.8% and 41% 
respectively.
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Figure 6-6: Performance with shadowing equals 0.4
With shadowing (B=0.4), the system performance is shown in Fig. (6-6). The single and the two 
satellite systems can accommodate about Ml= 15, M2= 20(i.e., 10 users for each one) 
simultaneous users respectively. The three and the four satellite systems can accommodate total 
capacity about M3= 23(i.e., 8 users for each one) and M4= 25(i.e.; 6 users for each one) 
simultaneous users respectively. The capacity improvement is 34%, 53.3% and 66.6% 
respectively.
With B=0.6, the system performance is shown in fig. (6-7). The single and the two satellite 
systems can accommodate about Ml= 8, M2= 13(i.e., 6 users for each one) simultaneous users 
per spot beam per carrier respectively. The three and the four satellite systems can accommodate 
total capacity about M3= 16(i.e., 5 users for each one) and M4=18(i.e.; 4 users for each one) 
simultaneous users respectively. The capacity improvement is 75%, 100%, and 125% 
respectively.
6-16
Chapter 6: Multiple satellite CDMA systems sharing the same frequency band
s
1^1M-2N-3
Bblo ^ d i lP C i- O J d B l
10
Figure 6-7: Performance with shadowing equals 0.6
6.6.2 Effect of voice activity factor
In order to improve the capacity, we employ a voice vocoder with voice activation detection in 
each system of the multiple systems sharing the same band. Performance results for such a 
scenario with the same conditions as previously are shown as follows; with no shadowing 
(B=0.0), the system performance is shown in Fig. (6-8). The single and the two satellite systems 
can accommodate about Ml= 43, M2= 51 (i.e., 25 users for each one) simultaneous users per spot 
beam respectively. The three and the four satellite systems can accommodate total capacity about 
M3= 54(i.e., 18 user for each one) and M4= 56(i.e.; 14 users for each one) simultaneous users 
respectively. The capacity improvement is 18.6%, 25.6% and 30.2% respectively.
With shadowing (B=0.2), the system performance is shown in Fig. (6-9); the single and the two 
satellites systems can accommodate about Ml= 35, M2= 45(i.e., 22 users for each one) 
simultaneous users respectively. The three and the four satellite systems can accommodate total 
capacity about M3= 49(i.e., 16 users for each one) and M4= 51(i.e.; 13 users for each one) 
simultaneous users respectively, the capacity improvement is 28.5%, 40% and 45.7% 
respectively.
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Figure 6-9: Performance with shadowing equals 0.2 and voice activity factor
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Figure 6-10: Performance with shadowing equals 0.4 and voice activity factor
With shadowing (B=0.4), the system performance is shown in fig. (6-10). The single and the two 
satellite systems can accommodate about Ml= 26, M2= 33(i.e., 16 users for each one) 
simultaneous users respectively. The three and the four satellite systems can accommodate total 
capacity about M3= 37(i.e., 12 users for each one) and M4= 40(i.e.; 10 users for each one) 
simultaneous users respectively. The capacity improvement is 26.9%, 42.3% and 53.8% 
respectively.
With B=0.6, the system performance is shown in fig. (6-11). The single and the two satellite 
systems can accommodate about Ml= 15, M2= 22(i.e., 11 users for each one) simultaneous users 
per spot beam per carrier respectively. The three and the four satellite systems can accommodate 
total capacity about M3= 26(i.e., 8 users for each one) and M4= 28(i.e.; 7 users for each one) 
simultaneous users respectively. The capacity improvement is 46.7%, 73.31%, and 86.6% 
respectively.
From Figs. (6-8,9,10,11), it is obvious that the use of voice activity detection in the vocoder 
improves the performance significantly relative to Figs. (6-4,5,6,7).
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6.6.3 Effect of transmit power
We now change transmits power of each satellite in the multiple access systems sharing the same 
band to investigate the effect on the performance. Assume the previous conditions do not change 
except Eb/No, and the probability of shadowing is fixed at B = 0.4. For Eb/No=6dB, the system 
performance is shown in fig. (6-12). The single system and the two system can accommodate 
about Ml = 23, M2= 28(i.e., 14 users for each one) simultaneous users respectively. The three and 
the four systems can accommodate total capacity about M3= 32(i.e., 11 users for each one) and 
M4= 34(i.e.; 8 users for each one) simultaneous users respectively. The capacity improvement is 
21.7%, 39.13% and 47.82% respectively.
For Eb/No=10dB, the system performance is shown in fig. (6-13); the single and the two satellite 
systems can accommodate about Ml= 27, M2= 36(i.e., 18 users for each one) simultaneous users 
respectively. The three and the four satellite systems can accommodate total capacity about M3= 
41(i.e., 14 users for each one) and M4= 44(i.e.; 11 users for each one) simultaneous users 
respectively. The capacity improvement is 33.3%, 51.8% and 62.9% respectively.
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Figure 6-13: Performance with Eb/No=10dB and voice activity factor
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6.7 Summary
In this chapter, a performance analysis has been caiiied out in terms of bit error probability for the 
downlink of a DS-CDMA multi-satellite system working at L/S-band and adopting LEO satellites. 
We find that the system performance is highly sensitive to shadowing. Therefore, in order to 
increase the system capacity, or to support the users suffering more shadowing, satellite path 
diversity reception must be employed. The use of two satellites to provide satellite diversity on 
top of the time diversity reduces the error rate or equivalently lowers the required signal-to-noise 
ratio for a given bit eiTor rate. When the fading is sufficiently slow, time diversity is less effective 
and satellite diversity provides more improvement.
Our results have shown that the number of users per spot beam per satellite decreases with the 
increasing number of multiple satellite systems sharing the same band. The results have shown 
that increase of the total number of users per spot beam per carrier, in case of two systems sharing 
the same spectrum, with respect to single system is more significant compared to the increasing 
from two to three systems or four systems. The reason is that increasing the number of systems 
sharing the band increases the MAI between the systems and hence reduces the improvement of 
the total capacity of the multiple access systems. Furthermore, our results show that the benefit of 
using frequency sharing between multiple satellite systems is very significant when shadowing 
factor increases and this benefit shrinks with the non-shadowing case.
Further improvement of the system perfoimance can be achieved by taking into account the voice 
utilization factor, which reduces the interference and increases capacity by approximately 60%. 
Finally, sharing the frequency band between satellite systems based on CDMA is very useful, in 
particularly for shadowing channel, but with a limit number of satellite constellation systems.
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Chapter 7
7 System Capacity of NGEO Satellite 
Systems For Suburban And Highway Areas 
Over Rician-Lognormal Channel
7.1 Introduction
In the present and next generation of mobile satellite systems, some of the proposed systems 
adopt CDMA to take advantage of its properties of inteiference resilience, robustness against 
shadowing and fading, spot beam and satellite soft handover, path diversity exploitation, 
possibility of spectrum sharing and simplicity in resource management.
The satellite component is a complementary part of the future cellular global transmission 
network, providing much larger service area but with smaller capacity than a terrestrial system. 
The design of the Satellite-Universal Mobile Telecommunication Systems (S-UMTS) architecture 
includes the choice of a satellite constellation, which determines the quality of service in terms of 
coverage area. Although it may appear that a satellite constellation achieves global coverage, in 
reality path blockage represents a very critical problem especially at low elevation angles in 
particular for low earth orbit (LEO).
In this chapter, we analyse the performance of the downlink of a NGEO mobile satellite channel 
based on DS-CDMA in the presence of shadowing, fading and interference. In particular, the 
performance of QPSK convolutionally coded DS-CDMA over a Rician-Lognormal channel is 
analysed in depth. This chapter deals with the bit error rate of CDMA-based multi-spot beam 
LEO and MEO systems for downlink based on a CDMA system with transparent transponders. In 
the analysis, the channel is assumed to follow a Rician-Lognormal model which is different from 
chapter 5 and chapter 6. Furthermore there is focus on the impact of shadowing and fading, which 
is related to environment and elevation angle, on the satellite system capacity considering the 
effects of various factors. These factors include imperfect power control, FEC coding with good 
interleaver, satellite diversity and voice activity. Concatenated codes are used to provide different 
bit error probabilities for different services.
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DS-CDMA is a viable multiple access techniques for LEO operations. However, the nature of the 
satellite channel in urban areas makes it a less inviting choice than highway and suburban areas 
for satellite, and for terrestrial systems in urban areas. Furthermore, terrestrial systems are already 
available especially in the urban environment. For these reasons, the capacity of the LEO satellite 
is calculated for both highway and suburban environments through simulation.
During a literature survey, it was found that Corozza [68] applied his model (rural tree shadowed 
environment) to calculate the performance of a LEO system at various elevation angles for 
differential phase shift keying (DPSK) modulation. Obviously, these results cannot be used to 
compaie actual systems for several reasons. Among them, DPSK is not the adopted modulation 
scheme for this system and no countermeasure techniques are implemented in his calculations. 
Furthermore, the calculations are for single user only and the results are related to elevation 
angles more than altitudes.
The provision of such a service requires that the user must have sufficient link quality for the 
duration of service. To have sufficient link quality, the user must have an adequate power to 
overcome the path loss and other physical impairments and maintain the performance of the 
system. The most important factor in determining the performance is the probability of signal 
shadowing which depends both on the user environment and on the constellation design.
This chapter is organised as follows. Terrestrial and satellite system comparisons are described in 
section two. Applicability of Reed Solomon codes is discussed in section three. The system model 
is given in section four; simulation results and discussion are presented in section five. Finally, 
some concluding remarks are given in section six.
7.2 Terrestrial and satellite system comparison
Diversity techniques coupled with DS-CDMA have been proven very effective for terrestrial 
cellular systems, where the LOS signal is usually absent and Lognormal-Rayleigh fading is 
experienced. Furthermore, teirestrial system capacity is interference limited. However, for NGEO 
satellite systems the LOS usually exists and the amplitude of the signal can be represented by a 
Rician distribution. The change of the local environment can be represented by a lognormal 
distribution. Furthermore, satellite systems are typically power limited and consequently forced to 
exploit the LOS signal. Additionally, the peculiar satellite system geometry and fading channel 
characteristics does not allow any worthwhile prediction of diversity benefits based on the results 
of the terrestrial cellular environments.
In relatively narrowband communication systems, the presence of the multipath signal causes 
severe fading and deterioration of the quality of services. In contrast, in wideband CDMA
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systems, the multipath signal can be exploited efficiently by using a Rake receiver. The use of 
Rake receivers in terrestrial systems proves to be very efficient due to the sufficient delay spread 
associated with the channel. However, in the satellite mobile environment this is not as 
straightforward due to small delay spreads associated with such environments. Nevertheless, Rake 
receivers are still useful for combining the received signals from different visible satellites at the 
same time; the link margin can be reduced by approximately 6dB with respect to single satellite 
visibility especially at low elevation angles [116].
The attenuation loss in a satellite system is inversely proportional to the square of distance, but in 
a terrestrial system it is inversely proportional to the fourth order of distance.
The near-far problem can be quite serious in tenestrial systems if no power control is employed. 
However, the near-fai* problem does not exist in mobile satellite CDMA since the propagation 
paths are almost the same. The effects of the path loss due to distance are the same for each 
mobile.
As in tenestrial cellular systems, CDMA has also been proposed for LEO satellite systems. 
However in comparison with tenestrial mobile environments, the differential multipath delays are 
much smaller and the propagation delays are much larger for the satellite link (about 10-20 ms for 
LEO) so that instantaneous closed loop adaptive power control is not feasible due to stability 
issues. Furthermore, since the frequency separation between the up and down links causes a lack 
of reciprocity, it precludes the use of open loop control except for object shadowing. This 
increases the power control enor (PCE) and consequently causes degradation in capacity. 
Therefore an open loop CDMA power control scheme is proposed merely to track and 
compensate for large-scale variations caused by shadowing and propagation losses.
The propagation channel characteristics most significantly depend on the immediate environment 
surrounding a mobile. Signal amplitude variations of the order of several dBs may be experienced 
mainly due to the obstruction of the LOS path between a satellite and a mobile over a relatively 
short duration of time.
Also, due to the movement of the NGEO satellites, the geometrical pattern of shadowed areas is 
changing with the time. Similarly, the movement of the mobile/personal user translates the 
geometrical pattern of shadowed areas into a time series of good and bad channel states. The 
mean duration in the good and bad state, respectively, depends on the elevation angle, the type of 
the environment and the mobile user speed.
Selection of accurate channel models represents a major challenge for this application, due to the 
laige variety of environments in which the system must operate, and due to the fact that the link 
elevation angle changes continuously with the time. To study the effects of both multipath fading
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and shadowing the Rician-Lognormal channel model presented in [68,69] has been selected. 
Although the channel characteristic varies over large areas, propagation experiments have shown 
that the channel characteristic remains constant over areas with identical environment features.
7.3 Applicability of Reed Solomon Codes
If the channel has a significant problem of burst errors, the convolutional code normally used in 
these applications must be interleaved otherwise it will fail whenever errors occur. Concatenated 
codes are used where the power of a single code is not enough or the nature of the channel noise 
is not suited to a single code capability. For instance the Deep Space network standard for 
telemetry data concatenates a convolutional code inside a Reed-Solomon (RS) block code with 
interleaving of the concatenated code. The Reed-Solomon code has the ability to cope with the 
burst errors caused by inner decoder failure in the presence of inteiference and fading. The effect 
of using the two decoders, each combating a different type of noise, results in strong performance.
In the bursty LEO channel, block codes provide more protection against burst errors and do not 
suffer from the long acquisition problems of convolutional decoders at low signal to noise ratios. 
The choice of the inner code depends on the application, the data rate and the channel conditions. 
For very high data rates the choice is for block codes; an inner convolutional decoder would fail 
to keep up. For predominantly Gaussian slower channels, the inner convolutional decoder is very 
attractive. If the noise is predominantly non-Gaussian, the choice is for an inner block code.
Reed Solomon Codes, a subset of cyclic codes with powerful error-control capabilities, have 
found widespread acceptance in diverse fields such as space communications. Since Reed 
Solomon codes are a special case of BCH codes, they can provide multiple-eiTor correction. The 
widest application of Reed Solomon codes derives from their symbol correction property that 
make Reed Solomon codes particulaiiy powerful for burst error correction. The capability of Reed 
Solomon codes for correcting multiple binary errors can also be applied to computer memory 
systems, where errors are likely to occur in bursts.
Concatenation is a method of putting a second code on the top of the first one to correct the 
decoding errors that occur after the first decoding. The inner decoder (Viterbi decoder) processes 
the incoming signal from the channel and cleans-up the majority of Gaussian noise. Since any 
decoding errors inevitably will be bursty, especially for Viterbi decoded convolutional codes 
which will exhibit decoding errors that last for a few constraint lengths, the outer code should be a 
burst error correcting code such as a Reed Solomon code. For example, the 1986 Voyager Uranus 
space mission used a (255,223) Reed Solomon outer code combined with inner convolutional 
codes [103].
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Reed Solomon (RS) codes have been selected for the following reasons:
1. They achieve the largest possible code minimum distance for any linear code with the 
same encoder input and output block lengths.
2. RS codes are particularly useful for burst-error correction and they are effective for 
channels that have memory. Moreover, they enable erasure filling which is suitable for 
fading channels.
3. For a RS code, the decoding error probability is an exponentially decreasing function of 
block length n, and decoding complexity is proportional to a small power of the block 
length [106].
4. RS codes are available commercially.
A Reed Solomon code is an -ary BCH code of length -1 and it is defined as over
GF (^ '" ). Reed Solomon codes have a number of interesting properties that are not shared with 
other BCH codes. An ( n, /c ) RS code always has minimum distance of exactly (n — k + l). Thus, 
the code is able to correct t=  (n — k) 12 symbols.
7.4 System model
The system is based on a NGEO satellite constellation providing global coverage and large 
probability of multiple satellite visibility. The satellite is equipped with multi-beam antenna and 
transparent payloads. The analysis is applied for the case of QPSK encoded by a rate V'2 constraint 
length 9 code with soft demodulation as the inner code and Reed Solomon code (255,243) as an 
outer code and a perfect bit interleaver after both RS and convolutional code. The RS (255,243) 
code has the capability to correct six-symbol errors. The Rake receiver with maximal ratio 
combining, PCE with standard deviation IdB and voice activity is considered for voice services.
In the case of data services (19.2kb.s) the same previous model is applied except there is no voice 
activity factor and a symbol interleaver is inserted between the RS (255,243) code and 
convolutional code for comparison with bit interleaver. It is appropriate to compare the 
performance of the LEO satellite system using RS (255,243) and RS (255,247); for this reason the 
system model is modified to implement RS (255,247) as well as RS (255,243).
The Rician-Lognormal channel model is built and compared with the mathematical formula with 
different Rician factor and standard deviation error according to the different elevation angles. We
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assume that all sequences within a given spot beam are orthogonal and processing gain is PG=64, 
defined as the number of chips per coded symbol and IS-95 interleaving is considered.
Figure (7-1) illustrates a general block diagram for simulation model.
MPSK
Mod.
MPSK
DEM.
PN Seq. 
Spreader
Comm.
Channel
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Figure 7-1 : Block diagram of simulation model
7.5 Simulation results
In this section, simulation results are shown of the performance of DS-CDMA systems, operating 
over a highway and suburban area for which LEO satellite system are a more inviting choice to be 
used. The capacity of the LEO satellite system is calculated for different services according to the 
requirement. The Satlab simulation tools are used to estimate the average elevation angles for 
different satellite constellation systems at different latitudes.
7.5.1 Performance of concatenated code
Before we start to check the performance of concatenated codes over different environments and 
services, we illustrate the difference in capacity for two cases: with and without RS code over 
Rician-Lognormal channel. BER is plotted against the number of users per spot beam per carrier 
at K=12dB. We assume perfect power control, and we choose a BER of 10  ^as our goal for voice 
services at Eb/No=6dB. As shown in figure (7-2), the number of users without RS code equals 17 
users, but with RS (255,243) code the capacity of the system increases to 28 users. This example 
shows the benefit from using concatenated codes.
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Figure 7-2: Capacity with and without RS code
7.5.2 Performance of NGEO systems over highway area for voice service
BER is plotted against the number of users per spot beam per carrier at different elevation angles 
according to latitude of user terminal. We assume the standard deviation of the power control 
error is IdB, and we choose a BER of 10  ^as our goal for voice services at Eb/No=6dB. In figure 
(7-3), for low elevation angle 20 and 30 degrees the performance of the system is poor due to the 
high probability of shadowing. For example, the system can accommodate about M= 2 and 6 
users per spot beam per carrier respectively. When the elevation angle starts to increase over 30 
degrees the performance of the system improves significantly. For example, in figure (7-3) the 
system can accommodate about M= 19,24,27,28,30 and 31 users per spot beam per carrier 
respectively for elevation angles 40,50,60,70,80 and 90 degrees. Due to high relative speed of the 
satellite at high elevation angles, the satellite stays a short time at high elevation angles and stays 
44% of the time at an elevation angle between 40 and 50 degrees.
Table (7-1) shows statistics for two different constellations of discretized probability density 
function for different elevation angles at certain latitude.
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Figure 7-3: Relation between number of users per spot beam per carrier and BER
In Table (7-1), there are two examples for MEO-10 and LEO-48 satellite constellations. It is clear 
that the LEO-48 satellite constellation stays approximately 44% of the time at elevation angles 
between 40 to 50 degree and 88.5% of the time at elevation angles between 30 and 60 degrees. 
But the MEO-10 satellite constellation stays 90% of the time at elevation angles between 30 and 
80 degrees.
Table 7-1: Discretized probability density function for various Elevation angles
at (42 N Lat., 12 E Long.)
Elv. (deg) 90-80 80-70 70-60 60-50 50-40 40-30 30-20 20-10
MEG-10
(10350km)
4.8 16.9 19.4 19.0 19.6 15.1 5.2 0.0
—
■ ■ ■ ■ ■ B ■
Figure (7-4) draws the relation between the number of users per spot beam per carrier and BER 
for the LEO-48 satellite constellation system. For example, if we take the average for the number
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of users user per spot beam per carrier, the results show that LEO-48 can offer 21 users, this value 
is very close to that obtained at elevation angles between 40-50degrees, and agrees with the 
statistics of LEO-48 in Table (7-1).
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Figure 7-4: Capacity of LEO per spot beam per carrier in highway area
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Figure 7-5: Capacity of MEG per spot beam per carrier in highway area
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Figure (7-5) plots the relation between the number of users per spot beam per carrier and BER for 
the MEO-10 satellite constellation system as an example. If we take the average for the number of 
users per spot beam per carrier, the results show MEO-10 can offer 23 users and this is greater 
than the number of users at elevation angles between 40-50 degrees. Furthermore, this result 
agrees with the statistics of MEO-10 in Table (7-1).
If we fix the number of user per spot beam per carrier for LEO-48 at 21 users and measure the
performance at BER =10"^, figure (7-6) shows the required Eb/No at different elevation angles. 
For example users at elevation angle equals 90 degree require 4.8dB to achieve this BER, but the 
same number of users at elevation angle equals 20 degree need 12.2dB to achieve the same BER 
(i.e.; 7.4dB more than users at elevation angle 90 degree). For a real comparison with respect to 
average elevation angle of LEO-48 (40-50 deg.) as given in Table (7-1) and figure (7-4), the users 
at 20-degree elevation angle need 6.2 dB more power to achieve the same performance. Also, we 
show that the differences between required values of for elevation angle between 40 and
90 deg. are small and approximately 1.4dB
1#
I
10
10
10
10 12 14 IBEbNo
Figure 7-6: Performance of the system over different elevation angles
7.5.3 Performance of LEOS systems over suburban area for voice services
Another model, representing the suburban environment has been implemented into the simulation. 
Figure (7-7) illustrates the relation between BER and number of users per carrier per spot beam
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for the LEO-48 satellite constellation. The number of users reduces with respect to the highway 
environment due to the high probability of shadowing. For example, the system can accommodate 
about M= 1,10,11,13 and 14 users per spot beam per carrier respectively for latitude angles 
70,20,40,50 and 45 degrees respectively. Also, this figure shows that the changes in performance 
of the system at latitudes 35,40 and 55 degrees are very small due to the small difference of 
elevation angles for the two highest visible satellites. Moreover, there is a very large difference 
between number of users at latitude 45 degrees and 70 degrees. The reason for that the latitude 45 
degrees represents the best latitude for LEO-48 satellite constellation system which has the 
highest visible two satellites elevation angles. But, the latitude 70 degrees represent the worst 
latitude for LEO-48 satellite constellation system that has the lowest visible two satellites 
elevation angles.
10
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,xr
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Figure 7-7: Capacity of LEO-48 per spot beam per carrier over suburban area for voice
If we fix the number of users per spot beam per carrier at 14 users and measure the performance at
BER =10“^, figure (7-8) shows the required Eb/No at different latitude angles. For example, 
users at latitude angle= 45 degrees require 6dB, but the same number of users at latitudes 50, 40, 
35, 20 and 70 degrees need 6.9, 7.8, 8.1, 8.7 and 10.5dB to achieve the same requirement. There 
is approximately 4.5dB between the requirements at latitude 45 degrees and 70 degrees. LEO-48
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can cover until 73 deg. and the expected value for Eb/No to achieve the requirement is 
approximately 5.5dB and for this reason the required fade margin must be greater than 6dB.
10  '
 :
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S
10
Figure 7-8: Performance of LEO-48 over suburban environment for voice
7.5.4 Performance of LEOS system over suburban area for data services
In this section, simulation results for data services are shown of the performance of DS-CDMA 
systems, operating over a suburban area according to [69] with satellite diversity. A Symbol 
interleaver is inserted between RS (255,243) code and convolutional code instead of bit 
interleaver. BER is plotted against the average Eb/No at different latitudes of user terminals and 
we fix the number of users per spot beam per carrier at 12 users. We assume the standard 
deviation of the power control error is IdB, and we choose a BER of 10  ^ as our goal for data 
service.
In figure (7-9), average value for Eb/No equals 7.5 at latitude 45 degrees to achieve the 
requirement, but the same number of users at latitude angles 50, 35 and 70 degrees need 8.1, 10.7 
and 13.2dB respectively to achieve the same requirement. There is approximately 5.7dB between 
latitude 45 degrees and 70 degrees.
The same model for data service is applied but RS (255,247) code is used instead of RS 
(255,243). This code has the capability to correct 4 symbol errors.
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Figure 7-10: Performance of LEO with RS (255,247) over suburban for data service
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Figure (7-10) draws the relation between the BER against the average Eb/No at different latitudes 
of user terminal for number of users per spot beam per carrier equal to 12.
For example, the average required value for Eb/No equals 8.2dB at latitude 45 degrees, but the 
same number of users at latitude angles 50, 35 and 70 degrees need 9.1, 11.6 and 13.7dB 
respectively to achieve the same requirement. There is approximately 5.5dB between latitude 45 
degree and 70 degree, and the link margin for LEOS must be greater than this value to cover the 
design extreme latitudes and to achieve the required service availability.
Comparing figures (7-9) and (7-10) shows that the lower rate code gives up to IdB improvement 
in coding gain.
7.5.5 Symbol interleaver and bit interleaver for data service
A comparison between the symbol interleaver and bit interleaver is tested to show the advantage 
of symbol interleaver with respect to bit interleaver. This comparison is made for data services 
using RS (255,247). Figure (7-11) draws the relation between the BER against the average Eb/No
for data services at latitudes 45 and 70^ which represent the best (i.e.; the average elevation 
angles) and the worst case for LEO-48 respectively, for number of users per spot beam per carrier 
equal to 12.
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Figure 7-11: Performance of bit and symbol interleaver for data services
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For example, the average required value for Eb/No equals 8.2dB at latitude 45 degrees for symbol
interleaver and 8.7dB for bit interleaver at the same BER=10~^. However, the average required
value for Eb/No equals 13.7dB at latitude 70^for symbol interleaver and 16dB for bit interleaver
at the same BER=10 ^. From this example, we conclude that the symbol interleaver is better than 
bit interleaver particularly when the channel suffers more shadowing and fading.
7.6 Summary
In this chapter the impact of elevation angle on system capacity has been quantized by means of 
analysis and simulation model, taking into account the effects of fading channel characteristics, 
the effect of link blockage and power control imperfection. We can draw the conclusion that 
elevation angle, satellite design constellation, satellite diversity and user environment (probability 
of signal shadowing) have a significant effect on the system capacity. High elevation angle and 
satellite diversity can reduce the probability of shadowing and should always be advantageous in 
diminishing the probability of shadowing and generally improving capacity of the system.
Convolutional coding schemes perform best when the symbol errors are uncorrelated and when 
the infoimation on the quality of the channel is available. Channel fading normally produces 
correlated errors therefore, diversity in time by interleaving is used and the rest of the burst errors 
can be removed by using RS codes.
The average capacity per carrier per spot beam is poor with elevation angles below 30 degrees, 
but the significant variation in the capacity is cleai* for elevation angles above 30 degree and the 
capacity for dual satellite diversity varied with visibility statistics of the system.
The capacity of MEO per spot beam per carrier is greater than LEO, however the capacity of the 
LEO satellite constellation is greater than the capacity of MEO satellite constellation due to the 
large number of satellites in LEO constellation compared to the number of satellites in MEO 
constellation for global coverage.
The capacity of the LEOS system in the high way environment is larger than suburban 
environment, due to the high probability of shadowing in suburban area compared to highway 
area. Furthermore, the LOS signals in the highway environment are more dominant than in the 
suburban area, which suffers from more obstruction by buildings.
These results show that the user at low elevation angle needs more power to compensate path loss, 
shadowing and fading, and the designer must consider the fade margin to maintain the
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performance of the system. For example LEO-48, users at elevation angle=90 degree require
4.8dB to achieve the required BER= 10”^, but the same number of users at elevation angle equals 
20 degrees need 12.2dB to achieve the same BER. This value may be doubled in the case of 
single satellite visibility.
Concatenated codes are used to overcome burst errors of shadowing and fading of NGEO satellite 
channel and to provide different BERs for different services. A symbol interleaver inserted 
between RS code and convolutional code for data services (19.2kb/s) has achieved a better 
performance than a bit interleaver inserted after both RS and convolutional codes particularly 
when the channel suffers more shadowing and fading. RS (255,243) has achieved 1 dB better 
perfoimance than RS (255,247).
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Chapter 8
8 The Effect of Satellite Diversity on Call 
Blocking, Call Dropping And Availability
8.1 Introduction
Mobile satellite communication services are gaining in importance since they are the answer for 
international users who spend a large amount of time in places with conventional wireless 
coverage, but who also need to roam across places where terrestrial services are not accessible. 
Since the systems will complement the existing terrestrial network, their performance is of great 
interest, particularly to the terrestrial operator who intends to expand coverage and roaming area 
by including a satellite component [117].
Service availability and quality of services (QoS) are paramount to the user’s acceptance of the 
service. The performance of the various contending systems will be compared in terms of satellite 
elevation angle statistics between the two nearest satellites in the constellation.
The quality of the link can be measured by its carrier-to-noise power spectral density (C/No). The 
C/No reduces when the satellite link subjects to atmospheric propagation impairments or 
obstruction. The satellite link, however, remains available as long as C/No is higher than the 
required value and this is called shadowing. Further shadowing leads to blockage of satellite link 
when C/No becomes less than the required value, and this is called blocking (i.e.; the satellite link 
is unavailable).
The most important factor in determining the performance of a MSS is the probability of signal 
shadowing, which depends both on the user environment and on the satellite system 
constellations. In order to reduce the probability of being shadowed and to enhance the quality of 
service, the constellation system must exploit satellite diversity.
During the literature survey, it was found that Ramesh [118] estimates the availability of the LEO 
system for urban and rural environment only. Furthermore, his estimation did not consider the 
satellite channels correlation and the azimuth separ ation angle, which are consider very important 
factors for determining the availability of the system.
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Sforza [65] estimates a comparison between availability of certain MEO and GEO satellites with 
the required fade margin for certain latitudes only. Furthermore, he did not consider the multi­
satellites visibility and the benefit of using multi-satellite visibility in MEO for improving 
availability.
This chapter discusses the impact of satellite diversity on availability, quality of service, blockage 
probability and call dropping. Furthermore, it discusses the impact of the elevation angle and 
azimuth separation between visible satellites on the service availability and link quality and 
compares the average availability of contending NGEO mobile satellite communications systems 
over a variety of environments. Finally, it discusses the penalty paid from each system to combat 
shadowing and fading for improving the quality of services and availability.
8.2 Quality of service
Service quality deals with the level of confidence that a user can expect for the delivery of the 
service in the due time. The link quality is the ability of the system to provide information 
exchange from end-to-end, or within acceptable bounds of quality. The quality for digital 
communication is commonly measured by the BER. The BER of interest is that of the overall link 
from user to user, which depends on the BER of all individual links comprising the total link.
The service may not be delivered in the due time, either because the network is not operating 
properly or the service is lost, or because the acceptable transmission delay is exceeded. Both 
probability of call dropping and blockage probability are very important parameters for measuring 
the quality of services (QoS) and those will be explained in the next sub-section.
8.2.1 Probability of Call dropping
The service area of the spot beam varies with time, according to dynamic movement of the 
satellite in the constellation. Hence the service link is transferred from one spot beam to another. 
When the mobile is out of satellite coverage area or another satellite with higher elevation angle is 
available, the link is transferred to the next satellite.
The maximum quality of service, expressed in terms the probability of call dropping, can be 
achieved by exploiting the available satellites, using a Rake receiver. The availability of multiple 
satellites is an essential condition to decrease probability of call dropping but it is not sufficient. 
We need also to have a soft handover from one spot beam to another and from one satellite to 
another. There are two type of handover:
1. Soft handover, the fact that the same wide-band CDMA channel is used in two adjacent 
satellites allows a “soft” handoff technique to be employed. In this technique, a call’s
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signal may be passed through a new satellite or beam while it continuous to be passed 
through the original satellite or beam. The mobile station receives the parallel 
transmissions from both satellites and performs a diversity combining operation. This not 
only improves system capacity but also greatly improves the quality of the 
communication links at the perimeter of a satellite’s coverage area,
2. Hard handover, a mobile user performs a handover when the signal strength of a 
neighbouring cell exceeds the signal strength of the current cell with a given threshold.
In this case, CDMA is the only option that provides soft handover capability with a Rake receiver 
to reduce the probability of call dropping. This is veiy significant in terms of reducing the 
probability of call dropping relative to hard handover from one frequency channel to another. 
Furthermore no frequency management is required and it simplifies the RF interfacing.
8.2.2 Blockage probability
Under the assumption that the blockage of signal from different satellite links is independent, we 
define blockage probability from a number of visible satellites as follows;
Where a^ is the elevation angle in degree for the n — th satellite in view, in the range
(10^ —90^ ), and NF is the normalization factor, which is changed according to the environment 
(NF=7000 in urban area and 16000 in suburban area) [119].
Figure (8-1), illustrates that the path blockage probability for the urban area is very high due to 
high shadowing. For example, by setting elevation angle (ûf^) = 30®, blockage probability is
approximately 52% with a single visible satellite (Ns=l), but with dual satellite diversity (Ns=2), 
the blockage probability reduces to 27% and for case of three visible satellite (Ns=3) the blockage 
probability reduces to 14 %.
Figure (8-2), illustrates that, when considering path blockage probability for the suburban area, 
the situation is different. For example, at = 20® , blockage probability is approximately 32%
with a single visible satellite (Ns=l), but with dual satellite diversity (Ns=2) the blockage 
probability reduces to 9% and for the case of three visible satellites (Ns=3) the blockage 
probability reduces to 3.5 %.
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Figure 8-1: Blockage probability and elevation angle for urban areas
RataMon babw an Blockaga prob. and alaw angia 1er Suburban Araa
N-1N-2
N-3
OB
02
0.1 B
0.1
008
2010 30 40 0090 70 90 90
BawaOon angla
Figure 8-2: Blockage probability and elevation angle for suburban areas
The conclusion from this discussion is that satellite diversity is a very important and a necessary 
condition for reducing the blockage probability and probability of call dropping. This means that
8-4
Chapter 8: The effect of satellite diversity on call blocking, call dropping and availability_______
the designer must consider satellite diversity, especially in populated latitudes for suburban and 
urban areas.
8.3 Satellite visibility and satellite diversity
The satellite visibility comparative study is interesting and important for a teiTestrial 
telecommunication service provider that intends to extend its coverage and roaming area by 
including a satellite component. The parameters in table (2-2) in chapter 2 determine the area 
covered on the Earth by a satellite constellation. From a user’s point of view the constellation 
parameters determine the number of satellites above a given minimum elevation angle for a given 
location on the Earth at a given time. A satellite whose LOS to a given user on the Earth is not 
obstructed by any terrestrial obstacle is called a visible satellite.
Should a user find one or more visible satellites, the situations are referred to as single or multiple 
satellite visibility respectively. Satellite diversity refers to the more general case where several 
satellites are above a specified elevation angle for a given user on the Earth, the LOS being 
shadowed or not, as long as the LOS is not blocked.
Indeed, propagation impairments on a certain satellite link can be strong enough for the 
connection not to be established (call blocking) or, if already established, not to be maintained any 
longer (call dropping). The path is interrupted and hence unavailable. In the case of space path 
diversity the duration of path interruption decreases, since a call can be established over an 
alternative path (less impaired). Thus space path diversity leads to a gain in space path 
availability.
Second, space path diversity decreases the duration of congestion. The channel capacity required 
for high traffic rates could exceed the channel capacity of a single space path. This is especially 
true in areas with a high density of customers using satellite services. In high traffic rate situations 
the traffic can be routed over alternative space paths in the case of space path diversity.
Space path diversity is conditioned by multiple satellite visibility (as a necessary condition) and 
coiTesponding satellite link availability (as sufficient condition). Consequently, the stronger the 
impairments on satellite visibility, the higher is the need for satellite diversity in order to maintain 
path availability.
8.3.1 Impairments on satellite visibility
Impairments on satellite visibility can be expressed by the C/No value, which depends on the 
propagation losses of the corresponding satellite links. Those losses are the attenuation due to path 
loss, attenuation by rain, terrestrial shadowing (attenuation by trees, buildings, etc.) and multipath
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effects (due to motion of satellite and operational environments). The multipath effects influence 
link availability; these arise from two different situations:
• Satellite diversity, where the wanted carrier is conveyed by several satellites;
• Introduction of multiple signals due to reflection from the user’s environment (fading)
In both situations there is a continuous change in the relative phase shift between signals arriving 
from different paths, resulting from variations in the propagation path lengths due to transmitter 
and/or receiver motion. Both phase shifts and fading depend on the elevation angle and invariably 
lower the link performance if the received signal cannot be combined constructively at the 
receiver or if the combining of received signal is simply not considered in the design.
8.3.2 Visibility statistics of NGEOs constellation systems
We evaluate statistics of users at different positions on the earth using a simulation tool. In 
particular, we calculate the number of satellites visible to the user and the elevation angle at which 
the user sees the satellites. These quantities are evaluated at 60-second intervals for a 5-day 
period. At each point in time, the coordination of all the satellites and that of the point on the earth 
are known. Using these, the elevation angle to the satellite can be evaluated. We only choose the 
satellites that are visible with elevation angles greater than the required minimum elevation angle 
for each system. Figure (8-3) shows an example for Globalstar (LEO-48) satellite visibility
constellation for a minimum elevation angle 10° [120]. As shown in this figure, two satellites are
visible between 25° and 50° latitude at 100% of the time and more than 84% of the time two
satellites are visible from the equator up to 60° latitude. Due to small altitude of satellites and
limited inclination angle (/ = 52°) of the system, there is no satellite visibility guarantee above
latitude 72°.
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Figure 8-3: Global satellite visibility of LEO constellation system 
The situation for Iridium (LEO-66) is different due to near-polar inclination (f = 86.4° ) and 
minimum elevation angle 8.5^ [34]. As shown in figure (8-4), two satellites are visible 100% of
the time above latitude 65*^  and more than two satellite are visible at high latitude near polar 
region. We will show later that this system is not very good at low and mid latitudes.
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Figure 8-4: Iridium satellite visibility of LEO constellation system
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Figure 8-5: ICO satellite visibility of MEO constellation system
For ICO (MEO-10) satellite constellation with inclination ( /=45^)  and minimum elevation 
angle 15  ^[121], as shown in figure (8-5), two satellites are visible with more than 82% of the
time from the Equator up to latitude 30° and from 74° up to polar region. The analysis of the 
visibility of at least two satellites indicates the best performances for systems using combining 
receivers, namely LEO-48 and MEO-10. LEO-66 offers the best satellite diversity at the poles
because of its polar constellations, but only weak diversity up to latitude of about 52° .
As shown through figures (8-3,4,5), it is evident that the LEO-48 and MEO-10 systems have a 
distinct advantage in the number of satellites visible to the user and the user in both cases can see 
a satellite at high elevation angle most of the time, and has a better chance of a good channel to 
the satellite.
8.4 System availability
The system availability is usually defined as the availability of the link from transmitter terminal 
to receiver terminal. The system availability of satellite systems builds up from satellite visibility, 
equipment availability and propagation availability and can be expressed as the product of 
independent elements [122]:
Ajys =  ^ T x  ^ R x  ' ^ L i n k  ’ (8 .2 )
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Where is the availability of the terminal on the transmit side; is the availability of the
terminal on the receive side. Both of them are related to the mean time to failure (MTTF) and the 
mean time to repair (MTTR):
MTTFt^
M7T% + MJTRtx (8.3)
And
MJTFr^  -VMTTR^ (8.4)
Where, is the link availability taking into account the transmission performance when the
channel is available, including interruptions caused by propagation and interference. Since a 
satellite end-to-end link involves the up link and downlink, the link availability must be evaluated 
considering the net effect of each link. The constellation availability ( ) builds up from the
individual satellite availability ( Aÿ^  ^), and the orbital availability ( AQ^ ,y ) related to the orbital 
configuration. Asat takes into account interruptions due to partial or complete failure of the 
equipment on board one of the satellites, is the interruptions due to the withdrawal of one or 
several satellite from the constellation.
QoS and service availability are major features to which a subscriber is sensitive. QoS and service 
availability builds up from satellite availability (i.e. functional availability and satellite link 
availability) and terrestrial infrastructure availability (i.e. user equipment, gateways, PSTN 
interconnection, etc.).
Satellite visibility influences satellite link availability, since the satellite channel behaves 
differently depending on whether or not a direct line-of-site (LOS) from a user to one or several 
satellite exists. NGEO satellite systems are designed with low link margins and as a result of this, 
signal quality may suffer from the frequent propagation impairments of shadowing and multipath 
fading depending on the user environment.
As shown in chapter 3 shadowing is more prevalent at lower elevation angles. As shadowing 
becomes less dominant at higher elevation angles of the satellite constellation will result in a 
decrease of signal blockage and substantially improves the performance of the MSS. A second 
approach to improve the link availability is the exploitation of multiple satellite visibility.
Correlated and uncorrelated satellite channel
In case of uncorrelated satellite channels the shadowing to different satellites can be treated as 
independent events. This is probably a reasonable assumption if the azimuth separation angles
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between the satellites are well separated. Hence, the probability that the user is shadowed to 
several satellites is simply the product of the probabilities of the user being shadowed to the 
individual satellites. The probability of being unshadowed to at least one satellite can now be 
easily calculated. If B i and B 2  are the probability of the user being shadowed to each of two
visible satellites, then the probability that the user is unshadowd to at least one satellite is given 
by:
Pj, ( unshadowed  ) =  1 — B 1 .S 2 (8.5)
With this general model it becomes possible to statistically estimate the average availability for 
the MSS over different environments. However, in realistic diversity scenarios, some correlation 
between the shadowing of the two satellite channel links exists depending on the azimuth 
separation angle, operational environment, constellation and elevation angle. In order to take best 
advantage of the satellite diversity, the two satellite channels must exhibit negative correlation. 
The statistical parameters of the model were derived as a function of the elevation angle for 
different environments considered by applying the channel models for MSS as in [69]. The most 
important parameter is the shadowed-factor as it determines the probability of signal blockage and 
the shadowed-factor reduces as the elevation angle increases. The other statistical parameter of the 
model, the Rician factor, increases with the elevation angle. At low elevation angles in the hostile 
urban and wooden areas environments the values of Rician-fsLCtov are significantly small due to 
signal shadowing, and even in the good channel state greater fade margins would be required to
maintain a BER< 10 ^. In such situations the Rician-factor becomes a significant element in 
deteimining the performance of an MSS. The channel correlation combined with the elevation 
angle statistics of the highest and second highest satellites give the unavailability of service, 
P I and P 2 -percentage of time a certain BER is not satisfied provide by the first and second
highest satellites respectively. The dual service availability (when 100% dual visibility is 
provided) is simply given by the following relationship [67]:
Unavailability -  p . J P ^ . i l - P ^ ) . ? 2  (1-7^2 ^ 2'' (8 .6)
Where p  is the conelation coefficient of the two-satellite channel. Since none of the systems can 
offer 100% dual satellite visibility, the constellation availability must include the percentage of 
time when dual and single satellite visibility can be provided and the service availabilities for dual 
and single satellite coverage.
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8.5 Importance of elevation angle and azimuth separation angle
As we saw earlier, the probability that both satellite channels are blocked depends on the user 
environment, the pair of the elevation angles and the difference between the azimuth angles. The 
last of these is important, since any gain in satellite visibility through satellite diversity can only 
be achieved if the considered satellites behave differently. In urban environments, multiple 
satellite visibility is more likely to occur, with constellation incorporating pairs of satellite with 
high minimum elevation angles and favourable azimuth separation angles [123].
Elevation angle and azimuth separation angle are therefore basic parameters conditioning satellite 
visibility and satellite diversity. They also influence the quality of the service and its availability 
through propagation impairments, which are more significant at low elevation and azimuth 
sepaiation angles. It is therefore important, to cariy out a statistical comparative analysis of the 
proposed constellations. The statistics will be shown to vary for different latitudes, since the 
considered constellations have been optimised to best cover predefined areas on the earth.
8.5.1 Elevation angle statistics for NGEOs constellation systems
It has been shown that the performances of some of NGEO satellite systems LEO-66, LEO-48 
and MEO-10 vary significantly for different regions on the earth. The second highest satellite of
LEO-66 offers only a small minimum elevation angle between 8° and 15° up to latitude
= ±55° ,  whereas it offers best performance at the poles due to its high inclination angle as shown 
in figure (8-6).
LEO-48 is optimised for latitude between 25^ and 55° , where minimum elevation angle larger 
than 23° as shown in figure (8-7). However, the system offers a small minimum elevation angle 
above 70° latitude and no service offer above 72° latitude.
The minimum elevation angle for MEO-10 constellation exceeds 17° up to latitude 62° and
from latitude 80° —90° its highest guaranteed elevation angle is performed at latitude 35° as 
shown in figure (8-8).
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Figure 8-7 : Mean elevation angle of Globalstar with different latitude
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Figure 8-8: Mean elevation angle of ICO satellite with different latitude
8.5.2 Azimuth separation angle statistics for NGEOs constellation systems
In order to qualify the diversity performances of the various satellite systems, the azimuth 
separation angle performance of each constellation has been analysed to complete the satellite 
availability study. Given two visible satellites, the probability of space path shadowing or 
blockage to both satellites is significantly less than the probability of blockage to a single satellite. 
However, satellite diversity might be useless in the case of a small difference in the corresponding 
azimuth angles, as the probability for the two satellites to be blocked simultaneously becomes 
higher when the azimuth angles are highly correlated. As in [123] the correlation of two land 
mobile satellite channels depends on the user environment, pair of elevation angle of the two 
satellite channel and the azimuth separation angle between the highest two satellites. As shown in 
figure (8-9) [123], the correlation decreases with increasing azimuth separation and is smaller if 
the satellites are seen under different elevation angles. It has been pointed out that the blocking
probability decreases inside the interval between 30^ and 150^. A positive (negative) correlation 
coefficient represents a decrease (increase) in service availability. In urban environments, satellite
diversity will therefore be more effective at azimuth separation angles above 30*^  and below
150 ' ' .
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Figure 8-9: Azimuth correlation of shadowing in urban environment
As indicated in figure (8-10), LEO-48 achieves the condition of the azimuth separation angle
except at latitudes 30° to 40°. Choosing another alternative visible satellite instead of the 
second visible satellite to achieve the azimuth separation requirement can compensate this 
requirement, however the alternative satellite will have small elevation angle. MEO-10 suffers
this problem from latitude 0° —5° as shown in figure (8-11).
O l o t f l w f r  A z i m l t i  a a p a r a l t a n  a n g l a  b a H w a a n  I h a  i i lg t»a a t  t w o  a a C a l i l t a
Figure 8-10: Azimuth separation angle of the highest two satellites for LEO-48
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Figure 8-11: Azimuth separation angle of the highest two satellites for MEO-10
8.6 Availability results
In this section we calculate the availability of service to a user in a mobile satellite system. The 
availability is the percentage of time the user can expect to communicate reliably using the 
communication system is a function of the power available to the user and the channel 
encountered by the user. Using simulation tools (satellite tool kit (STK) and Satlab software 
packages) of the constellation orbit, we compile statistics of the number of satellites visible and 
the elevation angles seen by a user at various locations on the earth. By integrating these statistics 
with the channel model, we estimate the availability of different systems. We calculate the 
availability provided by various proposed mobile satellite communication systems that use NGEO 
satellites. LEO-48 and MEO-10 have attempted to provide coverage from multiple satellites at 
most points on the earth. The LEO-66 system, however, is able to provide only single coverage at 
low latitudes.
We evaluate the probability that a user at a given location on the earth is unshadowed to at least 
one visible satellite. In the case of single satellite visibility, taking into account the BER 
performance of the channel, the link budget, and the elevation angle statistics of the highest 
satellite in the system the availability results were derived. In the case of dual satellite visibility, 
the second satellite elevation angle statistics as well as the shadowing correlation coefficient for 
the two-satellite channel are added to the scenario of the first case. The availability at a particular 
time of day at certain latitude on the earth will change from day to day. Hence, we evaluate the
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average availability over time for any given point on the earth. Therefore, we will present results 
describing the variation availability with latitude.
Figures (8-12) and figure (8-13) demonstrate the performance of the LEO-48 and MEG-10 
constellations in different environments along with the impact of dual satellite diversity compared 
to that of the single satellite case. The real performance results of MEG-10 and LEG-48 are those 
of the dual diversity scenario. It can be observed from figure (8-12), figure (8-13) and figure (8- 
14) that even in the single satellite visibility scenario MEG-10 and LEG-48 outperform LEG-66
for latitudes below 60^ , due to their higher mean elevation angles.
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Figure 8-12: Availability service of the Globalstar in different environments
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Figure 8-13: Availability service of the ICO in different environments
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For 70° latitude no gain is introduced for LEO-48 in the urban environment as the two satellite 
channels are highly correlated due to decreased azimuth separation and the limited inclination
angle (52°). The introduced gain for LEO-48 in the highway environment is non-zero due to 
small shadowing probability but it is the smallest introduced in the latitude range considered.
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Figure 8-14: Availability service of the Iridium in different environments
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Figure 8-15: Availability service of the different systems in open environment
As seen in both figure (8-12) and figure (8-13) the urban environment results are about 5-16% 
higher than the urban environment depending on the constellation and the terminal position. The
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best link availability results approaching 100% were obtained for LEO-48 at latitude between
40^ and 50^ in the highway environment and at latitude between 30^ and 40*^  for MEG-10 as 
shown in figure (8-15). Also we show that all of the systems provide good rural (high way/open 
area) availability.
It is shown in figure (8-16) that the maximum availability in suburban environments is 82% of the 
time for the compared systems and the maximum availability in the urban environment does not 
exceed 72% of time as shown in figure (8-17). But in the most hostile environment (wooded 
area), availability does not exceed 43% as shown in figure (8-18).
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Figure 8-16: Availability service of the different systems in suburban environment
All of the constellation availability results are very highly correlated with the constellation 
elevation angle statistics more so than diversity statistics. This result explains the potential
increase in the availability of service in the mid-latitude region between 30^ and 40° for MEO-
10, at latitude region between 40° and 50° for LEO-48 and in the high latitude region above
70° for LEO-66 due to its being a polar orbit. It is evident that LEO-48 and MEO-10 systems are
significantly better than LEO-66 system at low and mid-latitudes (< 60° ), whereas the LEO-66 
system is better at high latitudes. This is due to the fact that the number of satellites visible to the 
user is higher for LEO-48 and MEO-10 at low and mid-latitudes, and higher for LEO-66 at high 
latitudes. Although the dual satellite diversity scenario was not considered for LEO-66, the dual
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satellite visibility and elevation angle statistics in figure (8-4) and figure (8-6) indicate that the
gain in the service availability would not be significant below 60^ even if diversity were 
exploited for LEO-66.
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Figure 8-17: Availability service of the different systems in urban environment
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Figure 8-18: Availability service of the different systems in wooded environment
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However, most of the population is concentrated at low and mid-latitudes, hence it appears that 
LEO-48 and MEO-10 are better designed for suburban and urban area for availability of services 
than LEO-66. It has been concluded during the availability analysis that the performance 
improvement due to diversity is most significant in the suburban environment because of the less 
severe shadowing statistics compared to the urban and wooded environment. A smaller diversity 
gain and availability was shown for the open/highway environment, since in this environment the 
performance is good even for single satellite visibility.
It is true that availability, as we have defined and evaluated it, is distinct from the probability of 
successful call completion that must take into account the probability that the service quality 
remains good for call duration. However, for short calls and a satellite system designed well 
enough to permit the minimum required link margin at all times, a good degree of agreement is 
expected between availability and probability of successful call completion.
Finally, the availability can be improved by providing excess link margin to combat the 
shadowing and Rayleigh fading, and the link margin that needs to be provided is lower if the 
number of satellites visible to the user is higher. LEO-48 and MEG-10 systems seems to have an 
advantage over the LEO-66 system in this regard.
8.7 Penalties paid for coping with shadowing and fading
The distinct value of satellite diversity relates to the fact that the user can have an obstructed or 
blocked view of either of the satellites. The value of the diversity can appreciated by 
understanding the magnitude of the attenuation in obstructed conditions and how a system without 
diversity must cope with these attenuations.
Obstruction to LOS are usually characterises as either shadowed or blocked. Blockage is usually 
thought of as caused by a solid object like a hill or building blocking the path. The attenuation 
experienced can be 20 or 30 dB or more. Shadowing is usually described as the obstmction being 
vegetative such as tree. The attenuations are less than for blockage but most of the time the 
attenuation will still greater than lOdB. It is certainly possible to build a satellite with enough 
power margins to be able to cope with at least shadowing. But the penalty is high.
Each system coping strategy imposes its own cost on the satellites and handsets. For Iridium the 
cost of powering through obstructions imposes the price of 40 times higher power capability than 
needed for the average case. But clearly the satellite does not require all of this power for all the 
users simultaneously because the entire set of users is not obstmcted at the same time. Assuming 
that the average power needed for unobstructed link is cand the average power needed for an 
obstructed link is C . Assume that the link is unobstmcted with probability q and obstructed with
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probability p — \ — q . Then the average power needed by a call is ^.c+ p.C and the power is 
increased by a factor q + p.(C  / c) over a line-of-sight. As an example assume that the probability 
of blockage is 0.1 and that the average power increase for an obstructed call is lOdB, Then the 
power increase factor for all calls is 1.9 or 2.78dB. The increase in satellite power would need to 
be more than 2.78dB, because one must consider the variations around the average. But this adds 
very little to the needed power when the number of simultaneous calls is high. Furthermore, sizing 
the power amplifier of the handheld user terminals to be able to come up with 10 times the clear 
link power is not an easy task when designing a unite in which low size and weight [124].
On the other hand a system that uses diversity to connect a user through two satellites needs to 
have both paths obstructed to break the call. One observes that if the probability of one link being 
obstmcted 10% the probability that both paths are obstmcted, to break the call, is only 1%. That 
seems sufficient to demonstrate the advantage of diversity without any complicated modelling of 
the propagation path.
The ICO system uses switch combining (i.e. one of the two paths is used whichever is better) 
[125]. It uses narrow band TDM A modulation and hence cannot easily derive a timing signal to 
time align the two signals for maximal ratio combining. In the ICO system, diversity extracts a 
price in power at the satellites. All calls that are in diversity mode get transmissions from two 
different satellites, each of which is powerful enough to supply the objective for BER. That is 
twice the power needed to supply a call in a non-diversity mode in an unblocked state. But this 
value can be reduced for ICO when the highest satellite elevation angle is greater than a certain 
value, and it depends only on the highest satellite elevation angle. The diversity mode used in ICO 
has an impact on both bandwidth resources and power. When two different satellites transmit to a 
user in diversity mode they must transmit on different frequencies (or on the same frequency in 
two different time slots). Transmission on the same frequency at the same time would cause too 
much interference for the narrowband TDM A modulation used. This may or may not be an 
important factor, depending on whether the assigned bandwidth is large enough to allow the 
system to be power limited rather than bandwidth limited.
In the Globalstai' system, the spread nature of the IS-95 type signal used is what permits the time 
alignment and no extra bandwidth is required. Both satellites transmit on the same frequency; the 
interference being overcomes because of the wideband CDMA modulation.
The availability and QoS in satellite systems is crucially influenced by the particular 
characteristics of signal propagation in the link between the mobile or personal user and the 
satellite. In a particular NGEO satellite scenario, the behaviour of the channel and the parameters 
of any shadowing and fading process for a channel model are expected to be closely coupled with 
the varying elevation angle of the mobile user link. In this crucial shadowing and fading
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environment, satellite diversity can act as an efficient countermeasure against QoS degradation by 
exploiting multiple satellite visibility. The major concern arises from fading at low elevation 
angles, and operation at low elevation angles is unavoidable sometimes with LEO systems. The 
user terminal antenna will have essentially omni-directional coverage, and will be subject to 
terrain and other obstacle blockage at low elevation angles. In order to achieve availability 
comparable to that of a well-developed cellular system, at least 95%, it would be necessary for 
single satellite systems to provide substantial margin at low elevation angles, or to modify the 
satellite constellations so that elevation angles remain above 40degrees. For operation down to 
about 10-degree elevation angle, it appears that a margin of 15 to 20dB must be provided to 
achieve 95 to 98% availability. For a 30-degree elevation angle the required margin is still about 
12dB, while only at 40 degree does the requirement fall below lOdB [34].
However, another approach can be adopted by utilizing path diversity and this is possible for 
constellations with a large number of satellites and suitably chosen orbital parameters. Using this 
approach the required power margin is reduced to 5-7dB. For example, Globalstar plans to cope 
with this problem by the use of path diversity. The predicted amount of fade margin required for a 
receiver for shadowed propagation through trees varies with latitude, typically ranging from less 
than 5dB up to 7.5dB for 98% percent availability.
8.8 Summary
The availability results have been performed from a user’s point of view and to a large extent 
shown to depend on the elevation angle statistics of each constellation and azimuth separation 
angle. An increase of the mean elevation angles of the NGEO constellation will result in decrease 
of the signal blockage and substantially improve its performance. Significant improvement in the 
performance can also be obtained by exploiting multiple satellite diversity. However, the 
availability results indicated that there is a much higher correlation with the mean elevation angle 
statistics than diversity statistics. In addition, satellite diversity might be useless in the case of 
small difference in the azimuth separation angle of the corresponding satellites. Generally, MEO- 
10 has a higher mean elevation angle compared to LEO-48 and LEO-66. However, at latitude
between 40*^  and 50* ,^ LEO-48 outperforms MEO-10 due to increasing of the mean elevation 
angle and improved satellite diversity statistics at this latitude. Most of the population is 
concentrated at low and mid-latitudes, hence the availability of services of LEO-48 and MEO-10 
are better designed for suburban and urban areas than LEO-66.
It is quite clear that the considered systems cannot function reliably when the path between user 
and satellite is blocked. Furthermore, even in the good state (LOS), large fading margins would be 
required to achieve a reasonable BER while in hostile environments.
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We conclude that the availability issue has been recognized as one of the primary system design 
issues by each proposer and that multiple satellites visibility is imperative for high availability. 
There are some requirements which must be considered to alleviate performance impairment due 
to blockage, these requirements include multiple satellite signal combining, high elevation angles, 
increased power margin and combinations.
As seen from our results, the availability of the satellite constellation systems in the suburban 
environment is about 5-16% higher than the urban environment depending on the constellation 
and the terminal position. Also we show that all of the systems provide good availability for 
highway and open area, up to maximum availability of 100%. Moreover, the maximum 
availability in suburban environments is 82% for the compared systems and the maximum 
availability in the urban environment does not exceed 72%. But in the most hostile environment 
(wooded area), availability does not exceed 43%. Satellite diversity (two visible satellites) has 
achieved an improvement in the quality of services up to 16% compared to single satellite 
visibility.
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9 Conclusion and Future Work
9.1 The research program and motivation
During the past few years, a worldwide interest and unanimous consensus has arisen on personal 
communication services (PCS), where satellites can play a ciucial role in a global communication 
all over the world. While for fixed services, the developed technologies of GEO satellite systems 
seem suitable for present and future enhanced systems.
NGEO constellation satellites systems are being considered for the provision of satellite PCS’s to 
hand-held terminal mobile terminals. Many of these satellites are designed to operate in the L/S 
bands for mobile user link because of the favourable operating conditions and availability of 
equipments.
One of the major objectives of PCS is the capability to provide personal services on the basis of a 
unique, personal and network independent number. Although satellite systems can provide a 
limited capacity with respect to terrestrial networks, nevertheless they will provide 
communications in conjunction with terrestrial networks to both developed and developing areas 
of the world. These areas have little or no telecommunications infrastructure or where it is not 
economically viable to offer terrestrial coverage due to low population density.
The problem of radio resource management for mobile applications has been addressed by the 
World Administrative Radio Conference (WARC-92). One of the major decisions taken at this 
conference was to allocate 2483.5-2500 MHz (S-band) and 1610-1626.5MHz (L-band) slot for 
NGEO to provide PCS on a worldwide, as primary basis. These bands enable a NGEO satellite to 
have a considerable amount of spectmm to offer services. However, the available spectrum at L 
and S band aie not quite sufficient to provide services from several systems due to the increasing 
number of users. Hence, the spectmm scarcity pushes all the systems to share limited spectmm in 
order to operate and fulfil the capacity demand.
Also, following this allocation many commercial organizations began the development of 
systems, but these systems were obstmcted by the limitation of available knowledge of the 
environment. A number of experimental satellites were launched in response to this requirement,
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but the results have never been published due to the high competition between the companies and 
the advantages to be gained from these results.
The original motivation behind the research was to maximize spectrum utilization, to quantify the 
effects of the interference due to band sharing between different systems, and to improve the 
performance of the systems by devising a technique to overcome it. Also, to study shadowing and 
fading due to the dynamic movement of the satellite in LEO and devise techniques to mitigate the 
effects and improve the satellite availability and quality of services.
In this thesis we have evaluated the optimum band-sharing scenario between different systems 
(CDMA and TDM A). Furthermore, we have evaluated and simulated the satellite diversity based 
Rake receiver and the implementation of coding techniques to mitigate both shadowing and 
fading. Voice activity factor has been considered to reduce the effect of multiple access 
interference.
This chapter concludes and summarizes the work described in the previous chapters of the thesis. 
It focuses on the main objectives and the significant achievements of this research. Future work is 
presented, the conclusions of the results are presented and finally a list of publications is given.
9.2 Research objectives
The research objectives were as follows:
• Design, evaluation and analysis of the optimum band sharing between CDMA channels, as 
well as the sharing between CDMA signals and naiTow band signals (TDMA).
• Evaluation and analysis of the optimum capacity of satellite constellation systems based on 
CDMA, sharing the band.
• Analysis of fading, shadowing and self-interference between spot beams in NGEO satellite 
systems.
• Satellite diversity gains over LEO satellite constellation system.
• The effect of convolutional codes with soft decision on the performance of NGEO satellite 
systems based CDMA.
® The effect of voice activity factor and power control error on the performance of NGEO 
satellite based CDMA.
The performance of the LEO satellite constellation system with concatenated codes, over 
different environments, to provide different BER for different services.
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• The effect of satellite diversity on satellite availability of different constellation systems over
different environments, blocking probability and call dropping.
9.3 Original achievement
The novel achievements can be summarized as follows:
• Novel techniques for sharing frequency between CDMA channels and evaluation of the 
optimum sharing between of them.
• Evaluation of the optimum sharing between CDMA signal and narrow band signal 
(TDMA) channels and finding the best position for narrowband signals to share with a 
CDMA signal.
• Evaluation and analysis of mobile satellite gain diversity. The system gain due to satellite 
diversity is not entirely obvious from the system consideration as each user involved in 
combined diversity is effectively using twice the resources (radio channel) that would be 
used if only a single satellite were used. The gain results from the fact that the statistical 
fading which occurs on the dual-diversity link can be reduced by greater than 3dB. Then 
the link margin attributed to each diversity communications link is less than half of what 
it would normally be, and this power saving on the satellite can be translated into a net 
capacity gain in terms of user numbers.
• A sophisticated assessment of spectmm efficiency between different satellite constellation 
systems implementing convolutional codes with soft decision, interleaver and voice 
activity factors to reduce multiple access interference, fading and shadowing.
• Further improvements to the model to include concatenated codes to overcome burst 
eiTors of shadowing and fading LEO satellite channel and provide different BER for 
different services.
• Evaluation of the perfoimance of a LEO-48 and a MEO-10 constellation at different 
latitudes according to minimum elevation angle. Furthermore, a sophisticated assessment 
of the system capacity of a LEO-48 over Rician-Lognormal channel for highway and 
suburban aieas for different services is carried out.
• A sophisticated assessment of availability of services is carried out for different satellite 
constellations system over various environments (open, suburban, urban and wooded 
areas). Furthermore the improvement of quality of services (call blocking and call 
dropping) and reduction in required link margin by using satellite diversity are quantified.
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9.4 Conclusion of the results
Frequency sharing is a feasible technique, for the case of widened channel bandwidth of the 
CDMA channel. Overlapping was tested under different degrees of channel overlap and different 
order of filters. The best result shows that at the optimum degree of channel overlap, channel 
capacity increases up to 21%. For the case of fixed channel bandwidth, the optimum overlapping 
between CDMA systems depends on the filtering Roll-off factor and achieve an improvement of 
the spectrum efficiency of up to 13.4%.
The number of narrowband signal users sharing a CDMA channel depends on the ratio between 
the bandwidth of CDMA signal to narrowband signal, and the offset of the narrow band signal 
from the centre frequency of CDMA channel. The best location of narrowband signals to share 
spectrum with a CDMA system is at the edge of the CDMA channel, where mutual interference is 
minimized. Further improvement is possible in the frequency sharing system by using notch 
filtering, especially when the power of the narrowband signal is comparatively large with respect 
to the CDMA signal.
Satellite diversity has a significant effect on the system performance and satellite diversity gain 
achieves an improvement up to 6dB with soft decision decoding. Maximum ratio combining 
techniques (MRC) offer a higher performance than equal gain combining techniques (EGC) by 
approximately l.OdB. The simulation results confirm that satellite diversity with soft decision 
decoding achieves an improvement in diversity gain compared to hard decision up to 2.5dB. 
Convolutional codes with good interleaver are powerful coding techniques. These codes are 
indispensable for high capacity spread spectrum systems and have already been put into practical 
use. The system performance is highly sensitive to power control error (PCE), especially when 
the user is shadowed. For higher Rician channel factor, much of the satellite diversity gain 
disappears.
Further improvement in the system performance can be achieved by taking into account the voice 
utilization factor, which reduces the multiple access interference (MAI) from users and increases 
capacity by approximately 60%. The nature of the LEO satellite channel makes it a less inviting 
choice than for a terrestrial system especially for urban areas. DS-CDMA will result in good 
performance, if sophisticated channel coding techniques and sufficient interleaving can be 
employed, if dual satellite diversity is used, and if a power control system can be implemented so 
that the standard deviation of the power control error is less than or equal to 1.5dB. If any of 
these design conditions are noticeably violated, significant degradation can result.
Sharing the frequency band between a number of LEO satellite constellation systems is feasible 
and very useful but for only a limited number of LEO satellite constellation CDMA based 
systems. The results have shown that the increase of the total number of users per spot beam per
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carrier, in case of two systems sharing the same spectrum, with respect to single system is more 
significant compared to increasing from two to three systems or four systems.
The main reason for that is that increasing the number of systems sharing the band increases the 
MAI between the systems and hence reduces the improvement of the total capacity of the multiple 
access systems. Furthermore, results show that the benefit of using frequency sharing between 
multiple satellite systems is very significant when the shadowing factor increases and this benefit 
reduces with non-shadowing case.
The average capacity per carrier per spot beam in the LEO-48 satellite constellation is small with 
elevation angle below 30 degrees, but the significant variation in the capacity is clear for elevation 
angles above 30 degrees. The capacity for dual satellite diversity varied with visibility statistics of 
the system. The capacity of MEO per spot beam per carrier is greater than LEO, however the 
capacity of the LEO satellite constellation is greater than the capacity of the MEO satellite 
constellation due to the large number of satellites in LEO constellation compaied to the number of 
satellites in MEO constellation for global coverage.
The capacity of the LEOS system in the high way environment is larger than suburban 
environment, due to the high probability of shadowing in suburban area compared to highway 
area. Furthermore, the LOS signal in the highway is more significant than the suburban area 
which suffers from more obstruction of buildings. These results show that the user at low 
elevation angle needs more power to compensate path loss, shadowing and fading and the 
designer must consider the fade margin to maintain the performance of the system. For LEO-48, 
users at elevation angle equals 20 degrees require 7.4dB more than users at elevation angle 90 
deg. to achieve the same requirements. This value may be doubled in the case of single satellite 
visibility.
Concatenated codes are used to overcome burst enors of shadowing and fading of NGEO satellite 
channel and to provide different BERs for different services. A symbol interleaver inserted 
between RS code and convolutional code for data services (19.2kb/s) has achieved a better 
performance than a bit interleaver particularly when the channel suffers more shadowing and 
fading.
RS (255,243) has achieved an improvement in coding gain by 1 dB than RS (255,247).
Satellite diversity is an essential factor to achieve a satisfactory level of service availability and 
quality of service. Satellite diversity should always be advantageous in diminishing the 
probability of call blockage, call dropping and generally improving transmission quality and 
capacity of the system. The best gain in service availability can only be achieved if the considered 
satellite channels are independent. Therefore, any correlation between the satellite channels 
influences the advantage of the service availability of the system. The effective correlation of the
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two channels is highly dependent on the elevation angle and azimuth separation of the two 
satellites with respect to the user and the operational environment. As seen from the results, the 
suburban environment has about 5-16% higher availability than the urban environment depending 
on the constellation and the terminal position. Also we have shown that all of the systems provide 
good availability for highway and open area, and the maximum availability is 100%. Moreover, 
the maximum availability in suburban environments is 82% of the time for the compared systems 
and the maximum availability in the urban environment does not exceed 72% of time. But in the 
most hostile environment (wooded area), availability does not exceed 43%. Satellite diversity 
(two visible satellites) has achieved an improvement in the quality of services up to 16% 
compared to single satellite visibility.
It was seen that the availability was dependent on the location of the user, the nature of the 
environment, and a satellite system designed so that more satellite were visible to a user at a 
particular location affords better availability to the user. The availability can be improved by 
providing excess margin to combat both shadowing and fading, and the margin that needs to be 
provided is lower, if the number of the satellites visible to the user is high.
9.5 Future work
The work carried out through this thesis can be taken further to improve the capacity and 
performance of the system by including more sophisticated techniques to overcome the 
interference and shadowing. Among these techniques are:
1. Turbo codes are a vei*y promising coding candidate for high capacity spread spectrum 
communications. These codes are only 0.7dB away from the Shannon limit at BER equals
10  ^and have short memory length. By combining Turbo codes with spectrum spreading 
operations judiciously, it is possible to obtain outstanding performance. However, it is 
computationally more complex than an ordinary convolutional code with the same 
memory length and highly dependent on interleaving design. For speech transmission, 
due to the delay requirement, we need to be careful with the interleaver size and decoding 
delay.
2. Adaptive and perfect power control techniques aie very important for tracking and 
monitoring the transmitted power to reduce MAI, improving transmission quality and 
increasing capacity.
3. An intelligent antenna is an excellent technology to reduce interference to other users, to 
enable dense reuse of the radio spectrum, to increase communication quality and 
reliability, and to control the antenna electronically to direct power to optimum location.
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4. Multi-user detection techniques are required to eliminate MAI or reduce its effect 
significantly by demodulating the entire signal jointly. These techniques are indispensable 
for high capacity spread spectrum systems. Due to the near-far problem of CDMA the 
conventional detector does not have the ability to exploit the structure of the MAI. The 
conventional detector neglects the presence of MAI. The basic philosophy of multi-user 
detectors is that by using of signal processing techniques the performance of the 
transmission can be improved by minimizing the effect of MAI. Multi-user detectors that 
could achieve significant perfoimance gains over the conventional detector without 
incuning the exponential complexity of the optimum multi-user detector. The optimum 
multi-user detector can achieve a notable perfoimance in certain circumstances: the 
signatures and the received amplitudes of all users must be known; the timing of all the 
users must be acquired; exponential complexity in the number of the users can be 
tolerated and there must be centralised structure which demodulates all the transmitters.
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